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Adequate, t eliable space transportation is the key to this Nation's Futtire in space. Over the 
next several years. Congress must make critical derisions regarding the direction, and funding 
of U-S. space transportation systems. These decisions include improving existing launch sys- 
tems, designing and procuring new launch systems, and developing advanced technologies, 
America's constrained budgetary environment and the Jack of a national consensus about the 
future of the U*SL space program make Congress's role in this process more difficult and im- 
portant than ever. 

In order to decide which paths to take in space transportation, Congress must first decide 
what it wants to do in space aria what it can afford. A space transportation system designed to 
meet current needs would be woefully inadequate to support a pilote^mission to the planet 
Mais or to deploy ballistic missive defenses. According mis special report, which its part of _ 
a broader assessment of space transportation requested by the House Committee on Science, 
Space, and Technology, and the Senate Committee: on Commerce, Science, and Transporta- 
tion, takes the form of a "buyer's guide" to space transportation. It describes the range of 
launch systems that exist now or could be available before 2010 and explores the costs of meet- 
ing differem demand levels forlaiinetiing humans and spacecraft to orbit It also discusses the 
importance of developing advanced technologies for space transportation. 

In undertaking this special report, OTA sought the contributions of a wide spectrum of 
knowledgeable and interested individuals and organizations. Some provided Information, 
others reviewed drafts of the report OTA gratefully acknowledges their contributions of time 
and intellectual effort. As with all OTA reports, the content of this special report is the sole 
responsibility of the Office of Technology Assessment and does not necessarily represent the 
view* of our advisors or reviewers. 
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Congressional Alternatives 



Congress could choose to support (he development of maoy different types of space 
Lran^poHallAtt vehicles. To determine which of these alternatives is most appropriate and 
oiosl tosl-dTectFVfc* Congress must first make some broad decisions about the future ©T the 
United States in space. A commitment to Key space program goats will entail a similar com- 
mitment to one or more launch vehide systems. Although highly accurate cost estimates do 
not exist, the analysis in this stody suggests that some launch systems are more economical 
than others ta accomplish specific missions. 

If Congress wishes to: Then it shaiddx 

Maintain existing launch systems and lunit expenditures on 
future development options. Cnrrtitt-tapabQiIies are ade- 
quate to supply both NASA and DoD SMhe pirtseot 'level 
of U*S_ space activities is tnauttaiaed or r«f.&c*cL 

Continue jimdmg improvements to the Space Shuttle (fe#, 
ASRM attdfor LRBjs^IOLbegin devetopmgSkutxe-C:Th* 
correal Space Shuttle can launch the Space Station, hut 
win do so more effectively with improvements of the as- 
sistance of a Shntlfc>C Jdthongh Shtrttle^C may not he 
as economical as other new cargo -vehicles si high taonch 
rate^il is competitive if only a few heavy-lift missions are 
required each year. 

ComnifttBihedevek}j}iTient<$<inewunpJlot^ 
(Shutfle-C or Transition launch vehicle orALS) and con- 
tinue research and funding for Shuttle Hand the National 
Aerospace Plane- A commfttttejit to piloted spaceQtght 
wiH require a Shwttfe replacement shortly after the torn 
of the ceniary. targe planetary icSssig&s wSlt also need a 
new, more economiraE* cargo vehicle. 

Commit to the development of a. neu urtpHoted cargo vehicle 
(Transition launch vehicle) by ike mtd-toAnte 1990s. In 
theory, current Eannch systems coald heetpandedtomeel 
fatore needs; however, new systems are lifcety to be more 
reliable and more cost-effective. 



Deploy the Space Station by 
the naid-90s wniEc maintain- 
ing an aggressive NASA 
science program: 



Continue trend of foundling 
heavier communications? 
bavigation, and reconnais- 
sance satellites and/or par- 
sue an aggressive SDI test 
program to prepare for even- 
tual deployment: 

DenloySDIatid/otdraciati- 
calry increase the number 
and kind of other military 
space activities: 



Commit to the development of a new unpiloled cargo vehicle 
(Transition Vehicle or Advanced Launch System), Current 
launch systems are neither sufficiently economical tosup- 
port SDI deployment nor reliable enough to support a 
dramatically increased military space program^ 



Meeting the space transportation needs of specific programs is only part of the reason for 
mating changes to the current bunch systems. Congress may wish to fund (he development 
of critical netr capabilities or improvements to the Equality" of space transportation, orCott- 
gress may wish to ensure that funding serves broader national objectives. 



If Congress wishes to: 



Maintain US. leadership in 
launch system technology: 



Improve resilience (ability 
to recover quickly from 
failure) of U-S. launch sys- 
tems: 



Increase launch vehicle 

reliability and safety: 



Reduce environmental inv- 
pacHrfhigh launch rates 



Thenit should; 

Increase funding for space transportation basic research, 
technology development, and applications. Maintaining 
leadei^flip wiil require an integrated N ASA/Dol> technol- 
ogy development program across a range ortechnxriogfeS. 
Focused technology efforts (ALS, Shuttle [L, PtASF) most 
be balanced with basic research* 

Fandthe development of a. new ftjgft capacity, high reliability 
launch vehicle {Transition launch vehicle orALS) ql &- 
pond current ground facilities M reduce downtune afier 
'faikn^i&inipTQ]fetnereuabiiifyof~curT^ - 

At high launch rates^devefoping a new vehicle is probab- 
ly most economical, 

Aggressweiyjund technologies to provide: J) improved sub- 
system reliability; 2) "engfite-out" capability fbrnav launch 
vehicles; 3} on-pad abort and in-flight engine shvtdotm for 
escape from puoted vehicles; and 4) redundancy and fault 
tolerance for critical systems. 

limit the use of highly toxic liquid fuels and remote Shuttle 
and Titan soiid rocket boosters with new liquid rocket 
boosters or clean-buming solid boosters. The United States 
will be relying on Shyttf e and Titan vebitfes through the 
turn of the century. As launch rates increase, the environ- 
mental impact of the Shuttle solid rocket motors audi the 
sottd and liquid Than motors will become more tmpor* 



Existing Systems 



Launch Systems Discussed in this Report 
Prflpos*d Systems 



Space Shuttle— a piloted* partially 
rtMiaWt launch vthitte capable titlift" 
iflg about 4&Q0O pounds to low-Eartt 
orbit (LEO). Tbe Shattlc licet now 
eoasistsoJ three oit&e^ a fourth is. on 
order, Tfce ^battle o*wi completed Z* 
flights sBcccssfaDy prior to the loss of 
tbc arbiter C&aQtqger io January W3& 



Shitftle-C— ip unpilcttd cargo veatctc, 
dtnrcd from the Strattfc, wJtb a. heavy 
lift capacity of 1O0,ODQ 10 15D.OOG 
pounds toLEO- It would use the exist- 
ing cxptndatilt External Tank and 
reusable Solid Rodcc* Boosters of lJus 
current Shuttle, bnt woold replace tie 
arbiter T&b an eajptodafolfc cajr$> ear- 



Tit«D IV™ an expendable launcb 
vehicle (ELV) manufactured by Mafiiu 
Marietta CetpgratiaOr nfridi can Eft 
39,000 potindsof payioadtotEO, Tfeis 
vehicle will be launched for the first 
time later ttk year, and will be tbc 
Nation's h&bcsc capacity costing EE-V, 



Shnnfe n— a fully reusable pftofed 
lasncbiebicTtdexfred ffomriecaffent 
Sbnttte. Aftboogk Sbtrttfc H b art a 
firm codtepi; OTA assumes that it 
could cany payJoad$ comparable to 
ihoseevried by ih e Shuttle bEfl tbat it 
" ^^tak&seastiy to operate. 



M«dfam Launch VehfcJr ™ either a 
frefta II manufactur. ed by McDonnell 

porads to LEO; man Atlas CcntarcnrH 
manufactured fty Oeaeflj Ujajnacs 
*tftb a Eft opacity of aboni 13,500 
pounds to LEO. 



Ttteo V^a aea^Iift ELV derived from 
titiThaalV. Its payload capac&rconld 
rajogefrpmtfVHG to 150,00(5 pounds hj 
LEO. 



Transition Vtbitlc— a partially 
reusable onptfcutd launch vehicle wilt 
iccoverttJu tngnifcS desigaed to be 
butk with custmg. technology. 



A*JvnJ*c*d Lduncfr Sjrafem (ALS)— 3 
totally new launch system wader study 
by tt* Atr Fare* and NASA that would 
be designed to launch large Cargo 
pay^wdi economically at high launch 
rales, OTA assumes a partially 
rc-usa&fe vehicle- featuring a flyback 
booster, a core stage w&b expendable 
tanks and payload fairiug, and. a 
recoverable payToa^avionrcsmod&fe. 
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INTRODUCTION 



Congress must so-on make critical 
decisions about the future, of U.S. space 
transportation. Although these decisions will 
have a profound effect on the Nation's ability 
to meet long-term space program goals, they 
troist be made m a highly uncertain environ* 
mem, A-decision to deploy SDI, or to send 
humans to -Mars, would call for space 
transportation systems of greatly increased 
capability, and-configurattons quite different 
from today's fleet. Alternative^ a decision 
to maintain the current level of space 
program activity might be accomplished with 
existmgiSp ace transportation systems. ,, 

As a result of this uncertainty, projections 
of future yearly demand normalized lo low- 
Earth orbit (LEO) range from 600,000 
pounds to more than 4 million pounds. Such 
uncertainty makes rational choice among al- 
ternative paths extremely difficult Never- 
theless, failing to choose now may leave the 
United States incapable of meeting fixture 
needs. 

This special report examines both 
economic and noncconomic criteria for 
evaluating these launch systems and present'; 
a ^Buyer's Guide" lo help the reader choose 
the launch systems most consistent with bis or 
her own view of the future of the U.S. space 
program. 



In this special report, OTA has analyzed 
three different mission models (levels of 
demand) and three different space transpor- 
tation investment strategies for meeting each 
level of demand. The mission models 
describe a range of possible demand levels 
from 198? to 201Q (see table 1-1 and figures 
M and 1-2). 2 Each model assumes that the 
United States will main tain a mix of piloted, 
and medium- and* heavy-iift expendable 
vehicles: 

* Low Growth -3 percent average annual 
growth m launch rate {41 launches per 
year by 2010). J 

* Growth —5 percent average annua] 
growth In launch rate {55 launches per 
year by 2010). 

• Expanded— 7 perceat average annual 
growth in launch rate (91 launches per 
yearoy20!0). 3 

Inorderto find the most cost-effective way 
of meeting the lift requirements of each mis- 
sion model, this special report examines 
three space transportation investment 
strategies; 

• improving existing launch systems in a 
scries of evolutionary steps; 
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• designing and developing new launch Although OTA beheves thai the cost es- 

sysiems for the mid-9Qs, using existing timating roctfiodolcgy used in this special 
technology; or report h representative of the slate-of-the- 

. idling in the development of new *"■ eu "* nt methods . *> r "J?^ la V nch 
technologies for the next century's ^ ste ? ] "^ » e P*?^ ™bjectrv e and un- 
launeft systems. "J*™- Because of thts urn^rtautry, srnatf 

differences in the estimated costs of launch 
These strategies, when applied to the systems arc probably not meaningful and 
various mission models, suggest seven dif ■ shsuld not be the sole basis for national 
ferent combinatiors of launch systems (see decisions. la addition, cost estimates for fti- 
boi 1-1). With this information in hand, the ture launch systems that would rely on un- 
concerned congressional "buyti** should be proven or undeveloped technologies should 
able to match his or her space program goals be regarded with greater skepticism than es- 
with an appropriate mix of launch vehicles. timates for existing or modified launch sys- 
tems. , 

! .:::.;: ...... .:. . -,j,;,VhK 1-1. — Spaii TraKSportation Of (Jans &>BSiae^l*¥;gT£<ot(pjpg 



OI'A ■.i:;~i.-iLr: IK:: ■:>• <yc!r cu«t«. {'mm :•■$:• tn .'"llfi. uf ww:i different s;<a« 
traosportatioc fleets. To "obtain "cost cscmatcsf OTA aisuraed speoGc«fHi|ura"tioiis for/ 

bo'h existing and proposed launch systems. This list is not comprehensive; other system ' 

:J: feiptS Je j)OSSib!i ■■'.:--.- . :-- -"---". :"!":-;-=;■; -::".."":■ J = - 

Knli:.nr;.i II-.s.Iijil' (Jnlinn ■ .'tvlm- : ; ;: ;.:i|.n/„vi! Sr.-.iillc v.:lh Aik.:r.:i:d Solii 
- : Rocket Motors (ASW»fe)J inipfoFeri.Tlifan IVs wiih nevf soUd ^^eiuMgwyfed'fa ottjJ 
; . jpltrant avionics, medium ! laanrilyelides JVJLvs^_eiifa'-iS&m,ovAii3s&ala^);-*i 

' .-.ml u .'.■ iu : .'i'i<iii:i! "i i!:n IV j.. ji. 'Ihisiip: c-;..ld n;i' :.rrv.r,:>(li!R ihr fiijni r.i'e.i iS 

^eitheTGrcvrGiorT.V'.i-idf ;1 :rn r eK. 

Interim Option with Titan IV - feanires the Titan IV and as many hp-a- Titan TV bunch 
facilities as are necessary to accomodate the pea): launch rate for each mission wode!! 
Also includes existing facilities and launch vehicles now operational or in production ' 
(tbe Shuttle and ML Vs). 

Interim Optica with Titan V-fcaiures the Titan V. Also includes nnirnproved Shut- 
tles, Ml .Vs. unimproved Titan IVs, and additional launch faculties. 

Interim Option with ShutuVC- features NASA's proposed Shuttle C cargo vehicle. 
Also includes uuimpi oved Shuttles, MLVs, unimproved Titan TVs and additional launch 
facilities. .>'... '.'.- ■;■■' 

Interim Option with Transition l^tonch Vehicle — features Transition launch 
Vehicle. Also includes unimproved Shuttles, MLVs, unimproved Titan IVs, and addi- 
tional launch facilities.. "-'..- -..V"' ■ 

Future Option with Advanced Launch Sysletn (MS) —features an ALS. Also in- 
cludes ihe Shuttle, MLVs, unimproved Titan IVs, and additional launch facilities. 

Future Option with Shuttle II - features a Shuttle II. Also includes unimproved Than 
IVs, MLVs, and additional launch facilities. 
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i'KINClPAL FINDINGS 



Finding; 1; The United Slaves possesses a 
capable fleet of launch vehicles and l&e 
facilities necessary *o meet currttit launch 
demands and provide for limited oear-lenn 
growth. 

The existing U.S. space transportation fleet 
consists of the Space Shuttle, s variety of 
Titan, De£ta, and Atlas launch vehicles, and 
the manufacturing and launch facilities 
necessary to build and launch these vehicles* 
Providing that failures are idreciuent, these 
vehicles and facilities are capable of meeting 
U*S- space (jansportation requirements at 
recent historical { 1984-85) or even slightly in- 
creased levels. The capacity of each system is 
limited by the rate at which the vehicles can 
be produced at tne factory and flown from the 
Haunch pads. With existing vehicles, launch 
pads, "and manufacturing" facilities, the 
United States could launch a maximum of 
860,000 pounds per year to low- Earth orbit 
(LEO). To put such performance in 
perspective, consider ihat (he United States 
launched about GOftOOO pounds to LEO in 
19S4 and 5985, while the average for the 
period 1980-85 was about 400,000 pounds to 
low-Earth orbit per year. Until the Chal- 
lenger disaster and the succession of expend- 
able bunch vehicle (ELV) failures in 19S5 
and 1 986, the U.S. launch vehicle fleet was 
meeting military and civil demand reasonab- 
ly on schedule. 

Should the United States choose to use its 
existing space Jransportatiorj assets more ag- 
grcsstvdy* these assets would support limited 
program growth once the current backlog of 
payloads is flown off. Current launch systems 



should be sufficient lo support the continua- 
tion of existing programs and the increase in 
launch demand required by the Space Sta* 
lion. However, they could not provide 
enough lift capacity or the low Launch costs 
sought for SDI deployment, although they 
could support some SDI experimetm. 



This is, however, a best-case scenario. 
Considerable uncertainty exists concerning 
the Shuttle's lift capabilities and achievable 
flight rate. In addition, recent Shuttle and 
ELV failures have shown that existing launch 
systems lack "resilience,*' that is, they do not 
recover rapidly from 1 failure. To increase the 
resilience of its launcher Sect, the United 
States may wish to invest in new launch 
vehicles that it believes can be made more 
reliable. Resiliency could alsobe achieved by 
improving the reliability of existing launch 
vehicles o£ reducing the periods of inactivity . 
{"downtime") following launch failures pr 
building backup launch vehicles and pads, as 
well as payloads. 

Finding 2* The incremental improveiaent 
of current vehicles and! facilities conld 
provide a low-cost tneatts Xq enhance US, 
launch capabilities. 

The United States possesses the technol- 
ogy to improve the capabilities of existing 
launch vehicles and facilities through evolu- 
tionary modifications. For example, in- 
cremental improvements to current systems 
could reduce their operations cost and in- 
crease their lift capacity. If improvements in 
vehicle reliability can be achieved, then cur- 
rent vehicles could be used with greater con- 
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' LjiLtnch Op[ioiis for the Fu ttrrC-A, Buyer's Guide 



Table l-L-Missten Model Activities 

fMSA atift ti qft ft Low Growth Growth Expanded 

SpactUb X X X 

Space Station deployment and operation X X X 

O.V'UJ pUsciv4K«^c& ...... X . ; X X 

LJnjjiloted lunar asd planetary X . X. X 

Hjfth-'iJtirti«te servicing ■'. X 

Statioti capability ijowth .."..' X 

Piloted lunar or planetary X* 

■ DnT) miMJrtt^ -- . "... j.- 

ZMetoorafesicd'C- ;-;~. .. v. 7.':. ..•..::. . .X-.J, . . . ■. X. , ; . , ;"X _ 

s Cotimwiiieattanx.- .y^'u--'. '-'■■* «-'~r--- -'■- - -' r-. .' - .X .;....-.. X' : - - - - - ._>■.. ..X: ■. .-';.■:"■, 

Defense Support Frognun ';■:. ; ;. . :X.-; X. .;'.'■ X 

Navigation i ......:. ," X ...... X. X 

Support Missions X X. .... X 

t Spaji.Tm?mgram r . . . .-. . ; ..X . ■. . . . .X , . .... X. 

k. Imprbv^ SuroBWtct :--.A'- "■? -■'. r-':-i'-. .-.-.. . . -. . , ."..., i-..-. ,...){..', . ..'. .■". -.V'-.,. ■;. '...'■.: ;■.■„'■■ v-:... 

^DeffiOiisii^oi^-,.^^i J .^i\-\- : -> , i*v* -^:.: r; ., ^.'z-l- w,--i,.vX^.^ ... ;•.. ;.. T - --.^v.':.:: ■-•_■■■ 
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---■■■ Boxl-2. — Effect ofHcavy-Lijfl Launch Vehicles oa Mission Models 

^^T?i^bduci|g«owB«^i^Ia^^ proband cffcctwi the acm^fcrother, vehicles 

^ the U ^laW 

. * *"A new heayy^'vehideTvai be aNe tocany aB IKc Urge cargoni tibc misSoti roodcii/efltb^O per- 

' ■ ceof fewer flights; tha't is, tw> of fiwpayloads could pig^b'acioa one heavy eafgp vehicle;- 

• 20 pcrct^e of Shuttle or Shuttle Dpayloads could fly oa the heavy-Eft lauoch vehicle on aooe-for- 
one basis; tbat is, 20 percent rcwer Shuttle ot Shuttle TT and 20 percent more bcavy-lift vehktc 
tauncbeswouJd be required; 

• Bccaase they could Qy oo a spice -available basii, 30 perccnl of MLV-dass payfoads crtuld pig- 
■ gvbact on beary-Cft vehicles without increasing tie oombtir of bea5y>&ft vehicle La nnriie£ required 

Figure i-J. shows the launch rales of tbc three missioo models for options wfttwut heavy-lift vc hides, and 
Figure 1-2 shows ihe lower lanach rates for options with a heavy-lift veLkfc tkat would licgui oj.^ aUui^ iu 
1995. Comparing lhe$e (wo sets of latmcli rates indicates, that the addj'tioQ of a hcawy- lift vehicle red aces 
the tiombcr of fligbtsfequired for aB misraon models. 

With ot without a heavy- lift laundnrhidc, this report asimmes that the number of piloted and light cargo 
vehide fights reqinrcd for the Growth a&d Eq>aadcd missiorj models wiD be uo grcalex than that required 
forthc LowfJrowthmksionmodeL Holdii^tiienffinbcrofpikrfedajjdh^ca^^ 
that nmbitious p36ted (c\g^ nusaon to Man or the Mooo) or military miaaow (e^ SDI deployment) *^ 
- imicise denied fur la^t^obansjxm 
Utioo. Puribcnsore^lt asscanci that a Urge cargo vehicle can carry some payloads thai would bavcother- 
wke been lamtebed oh "either small or piloted vehktes. ..■■These dssompttcwis uof^hstiuxlijg, the mOic 
vtgoroii$l>' the United "States pursues progTajRS iavofiAog humans m space^tbe sooner it will have fa replace 
or augment (he Kristin^ Space Shuttle. 
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Figure i-L — Launch Rales Withou t a Tkavy-Lift launch Vehicle 
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fidence at higher night rates. By improving 
existing vehicles and ground facilities and 
buying more launch vehicles, the United 
Stales could easily increase its launch 
capabilities to 1.4 million pounds to LEG per 
year. Such a launch capability would sup- 
port a space program with slow growth for 
many years. 

One proposed Shuttle improvement under 
study is the development of Advanced Solid 
Rocket Motors (ASRMs). ASRMs are 
projected to increase the Shuttle's lift 
capacity by 12,000 pounds, improve Shuttle 
reliability, and allow the Space Station to be 
depioyed in fewer flights and with less, as- 
sembly in space. Planned improvements to 
the Titan IV solid rocket motors would in- 
crease the Titan IVs payload capability to 
LEO from 40,000 to 48,000 pounds. 

Other possible enhancements.fbrbotb the 
Shuttle antiBLV launch systems include: 

♦ improved liquid rocket engine com- 
ponents; 

* new ground processing technologies; 

• advanced avionics and flight software; 

#new high-strength, light-weight 
materials; and 

■ new launch pads and flight control 
facilities. 



Although the cost of devcEop-nicm and" the 
technical risks of such evolutionary improve- 
ments would be low compared io developing 
newvehicies; only small operating cost reduc- 
tions could be expected/ Because the cost of 
launch failures is so high, improving the 
reliability of current vehicles would also be a 
desirable goal and would result in cost 
savings. Failing to increase the reliability of 
current vehicles would make it -difficult to fly 
them at higher rates, since at higher rates 
failures would be more frequent Unless 
other measures were taken, more frequent 
failures would reduce .the periods of activity 
between ^downtimes*' and could result in 
substantia! flight backlogs, 8 

Tne improved versions of easting vehicles 
contained in OTA T s Enhanced Baseline 
could be used to launch the payloads in the 
Low-Growth mission model, but could not 
launch ihe payloads in either of the more ag- 
gressive mission models. Figure 1-3 indicates 
that the cost of using the Enhanced Baseline 
to meet the Low-Growth mission model . 
might be between S 1 10 billion- and $ 120 bii- 
Koo- Tilts would be comparable to ac- 
complishing the same task with a fleet of 
vehicles that included the Transition launch 
vehicle (£100 billion to S120 billion). Given 
the uncertainties in cost estimation, the life- 
cycle costs of these two fleets of launch 
vehicles are practically indistinguishable at 
die I-ow-Growth mission model. 



6 Tbtt*ttlJ*«aito|Wufr<^lifiUni<^SWKiwldb*wtoiM!«133p»^ 

LtootlE I&Tiua (Vlwftb new i6\ti Wckrt motors, ^ Trtin IIKS Titan Us, 4 Atln-Cf puun, 1£ Otto tU, and M Scouli. 

7 U J, Cannws. Otflw cJ Tcriuwfcm AasanwiL Rcdbrinf 1 Auneh Opantinm Cmk: T feif.TctiianlDpca aad Jartiai CTTA-TM^ 
1SC-3& (WvdiFiiGlPfl, DCS US. Govcmenxat f rJnf lag OQVe, in fttsu), 

& TbtretEJleD^prc6(eoic*ttli**dd«aedJii«b=tM5*.S« dtseiLsdciinJw*K. 

9 Uidcst tribe raiw Ep«rficd, llfc-qTk cadi «c p*w io tWadfl]bff,Ji$eCiBiflfiJjn5p*iewrt, 



}Q. •JdEHT£!l£?lJl^. n i(yL lhc Fu3LJ: 



Finding .1: By the mid*£990s, the Unifcd 
Stales could build 3 variety of new + more 
capable launch vehicle, or greatly cghance 
its ability to iatinch current vehicles by ex- 
panding existing manufacturing and launch 
facilities. 

The United Stales could develop at least 
four different types of interim launch systems 
to add to its current fleet of vehicles: 

• NASA has suggested that the Nation 
develop an unpifoted version of the 
Space Shuttle, "Shuttfe-C* for hauling 



• The Air Force proposed in 1987 to 
develop a state-of-the-art "Transition" 
launch vehicle from existing technology 
that would allow routine operations 

♦ Some aerospace companies have sug- 
gested that growth versions of current 
launch systems could accomplish the 
tasks that NASA and the Air Force seek 
to address with their new launch sys- 
tems. 

•The United States could attempt to im- 
prove the reliabilities of current vehicles 
and greatly increase the Dumber of 
launch pads and production facilities so 
tfc^t existing launch vehicles could be 
flown at substantially higher launch rates 



WLich, if any, of these Interim Options 
should be chosen depends in large measure 
on the tasks they would be asked to ac- 
complish. To some extent, these launch sys- 
tems compete among themselves because all 
would be asked to function as the primary 



cargo vehicle in the U.S. launch vehicle fleet. 
Unlike some of the very advanced vehicle 
concepts discussed in the next section, the in- 
terim Options do not involve such novel tech- 
nology that their development programs can 
be regarded as ends in themselves 

Current programs and projected funding 
levels do not "require" an interim launch 
vehicle or greatly expanded launch facilities; 
desires for increased resiliency could be satis- 
Sedinotheriftays- Sbonldthe United States 
define programs that greatly increase the 
demand for space transportation, the specific 
nature of that demand! should determine the 
nature and tuning of any interim, vehicle 
development- 

NASA aad Air Force estimates indicate 
that NASA's proposed Shaitic-C could 
provide the Nation with a heavy-lift launch 
vehicle in a shorter development crate (4 
years) and at a lower development cost 
(about Si billion) than the Air Force Tradi- 
tion vehicle (about SS billion over 7 years). 
However, a derivative of aa existing ELV 
might be developed in a sdS shorter tune and 
at a lower cost than either the NASA or the 
Air Force systerflS- 

Esarmning the life-cycle costs of these 
vehicles could reverse their attractiveness. 
Shuttle-C and the ELV derivative would be 
reiatively expensive vehicles to operate at 
high launch rates. For example, figure 1-3 
suggests that to Sy the Expanded mission 
model could cost between S150 billion and 
£200 billion, using a launch fleet that re tied 
on the Shuttk-C as its heavy cargo vehicle, 
and between $170 billion and $185 billion 
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using a fleet thai relied Ofl a Titan V. Figure 
1-3 suggests thai the same mission model 
migJu tic flown for between $125 billion and 
S J5G billion with a fleet that relied on a new 
Transition launch vehicle. 

Shuttle-C and the ELV derivatives would 
primarily use current flight hardware, so the 
development risk would be lower than for a 
new vehicle. This technological com- 
monality £s advantageous because the new 
vehicles might share: the demonstrated 
reliability of me existing flight hardware. On 
the other hand, failures of current vehicles, 
when they did occur; could cause derivative 
vehicles to be grounded if componems titey 
have in common caused the problem, 

Shut£e*C appears most attractive: for 
NASA-umque (KG*, Space Station or 
planetary) missions requiring infrequent 
heavy-lift capabilities* The Transition 
launch vehicle appears taasi. attractive for 
routine operations at increased demand 
levels, such as the Air Force will probabity 
engage in over the next decade. ELV deriva- 
tives look most attractive for infrequent 
demand for launching heavy pay/loads and 
migntserve both Air Force and NASA needs. 

The final Interim Option (Titan IV Op- 
don} assumes that the United States would 
continue to use existing launch vehicles, but 
would add as many new Titan IV launch and 
manufacturing facilities as are needed to 
handle the peak launch rate for each, of the 
mission models. Greatly expanding launch 
and manufacturing facilities, like the other 
three Interim Options^ould require years to 



accomplish and invest meuts o ( h ill Ions of do! - 
Jars. This option might not be viable unless 
vehicles were made more reliable or ihe 
downtime between failures were reduced. 

Constructing additional launch facilities 
wouitf provide insurance against launch 
vehicle failures that damage or destroy 
!auEch pads, like the April 1986 Titan ex- 
plosion that damaged Yandenberg Space 
Launch Complex 4. On the other band, 
suitable sites in (fee continental United States 
for processing and launching large space 
vehicles arc very scarce; a total of only four or 
five sites remain uCape Canaveral and Van> 
denberg Air Force Base. Moss of the existing 
launch pads wer mtfc in the 1950s 

and 1960s when environmental restrictions 
were much less severe. Satisfying the current 
restrictions on new construction jh these en- 
vironmental^ sensitive areas would be a 
complex, expensive, and tirde-consnmlng 
task. 

OTA calculations indicate thai for the 
Low-Growth mission model, the Titaa IV 
Option is reasonably competitive with all 
other launch vehicle options This opn'oc is 
much less attractive for the Growth or the Ex- 
panded mission models (see figure 1-3), 

Finding 4: Emerging technologies oEFcr 
thtpromiseof new launch systems that could 
reduce cost while increasing performance 
and reliability- Sfcch systems would entail 
higji economic and technological risk and 
would require a sustained technology 
detfefo&fttent program. 
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The lltmed Ssytci is currently exa mini rig 
three advanced space transportation optioitS- 
Two of these options— Shuttle £1,3 follow-on 
to the Shuttle, and the National Aerospace 
Plane (MASPJ, I ' 1 3 hypersonic spaceniarte— 
would be piloted. The third concept, the Ad- 
vanced Launch System {ALS), would be an 
unpi!oted heavy-iift cargo vehicle. AM of 
these programs would use new operational 
concepts, advanced materials, and ad- 
vanced masufactariag technologies to in- 
crease capabiliTy and reduce costs. 

The Air Force envisions the ALS as a reli- 
able, heavy-lift launch vehicle able to achieve 
high launch rates. The ALS is conceptually 
raore mature and technically less diarienging 
that) either Shuttle H or NASP and is the 
focus of a joint NASA/Air Force Technology 
development program. In detmirtg the 
AJLS .program, the Air Force asked contrac- 
tors tostart with a ".dean sheet of paper" and 
to emphasize cost efficiency rather than per- 
formance as "lie primary goal If the AI.S 
program were successful irt significantly 
decreasing the costs of launching payloarJs, 
then, as shown in figure 1-3, it might cost be- 
tween $ 125 billion and $160 bMan to launch 
tfce Expanded mission model. OTA T s cal- 
culations suggest that the Transition launch 
vehicle would have a comparable (5125 bil- 
lion to $145 billion), or perhaps lower, life- 
cycle cost. 1 

The other Future Options, the Shuttle U 
and the National Aerospace Plane (NASP), 
may achieve a low cost per Sight but not 
necessarily a low cost per pound :o orbit. 



These two piloted vehicles would appear to 
have overlapping missions, including person- 
nel transport, servicing and repair trips, and 
transport of high-value commercial products. 
One or both of these vehicles may eventually 
be needed as a replacement for the Space 
Shuttle; however, in the time period con- 
sidered by this report, neither appears ap- 
propriate as the piineipal U.S. cargo 
vehicle. 18 

Of the two, NASP requires greater advan- 
ces in technology and thus is more risky, but 
could also have a larger payoff. The high de- 
gree of technical and cost uncertainty as- 
sociated witit 1JASP make it impossible to 
provide useful oust estimates for its develop- 
ment and use- 
In addition to these highly visible 
programs, several sinconventsonal launch 
technologies such as laser propulsion, ram 
canntas, coil gens, and anti-matter rockets 
are in various stages of study. Because some 
of these concepts would subject payloads to 
extremely high accelerations, they could be 
used only for Transporting certain types of 
cargo. These concepts push launch costs to 
the minimum but may have high develop- 
ment costs. StaXwith continued research one 
of tbem may someday provide an inexpensive 
means for transporting supplies to space. 

Meeting lite space transportation needs of 
future programs is only part of the rationale 
for supporting advanced launch technology 
development. Other reasons include ex- 
panding the U.S. technology base and 
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promoting spate leadership and industrial 
competitiveness. 

Finding 5: An aggressive technology 
development program couid allow the United 
States to remain preeminent in selected 
space, technology areas. Such a program 
must balance technology eftbrts focused on 
specific launch systems with basic research 
and technology development. 

A variety of experts have expressed con- 
cern over the poor state of U.S. space tech- 
nology development, espedauy is light of 
foreign activities, which bave increased 
dramatically over the last decade. Research 
on basic teciuftrfogies for Iauneh systems has 
been particularly Defected, For example, 
the United States lias not developed a new 
rocket engine in over 15 years and the space 
program has followed ralher than led ofber 
industrial sectors m the development and use 
of new Jight-wejght, high-strength materials 
and automation and robotics. 

An aggressive technology development 
program would be beneficial to any of the op- 
dons discussed in this special report. Bvenif 
Congress decides to defer development of a 
mew launch system for a fewyears, investment 
now in new launch-related technologies 
would prepare the. United States to proceed 
more quickly in the future. The Air Force 
and NASA budget submissions for fiscal year 
1989 contain funds to begin such technology 
developments* but at a level of effort that ap- 
pears low relative ( that recommended by 
numerous recent studies. 

Finding 61 The most appropriate 
eiEEsaoiE measure of merit for comparing 
different launch system options is dis- 
counted life-cycle cost- Npnecn ii pjnj^ 
criteria such as ^space leadership" or inter* 
national competitiveness must also be 
weighed in choosing among options. 



Mini CTiizinga launch system's upfront costs 
(technology development, vehicle design, 
and facilities.) as often done al the expense of 
driving up its recurring costs (fuel, expend- 
able components, personnel). The least cost 
to the taxpayers is ineur* , ed by minimizing 
total jtife-cycle costs— the sum of all upfront 
and recurring costs T including costs of 
failure— discounted to reflect the value of 
money over time. Tins special report as- 
sumes a 5 percent real discount rate, which is 
generally accepted for government invest- 
ments. A higher discount rate would penal* 
ize options that require greater upfront 
investments. 

Estimated lae-cycleeost cannot be. thesole 
criterion for decisions on launch system 
development. The United States may prefer 
to sacrifice some life-cycle economy for other 
benefits, such as- near-term affordabiiity or 
nonecoimmic benefits such as ^leadership" 
or national security. Some advanced 
programs require large investments and 
promise no immediate pay-back but would 
contribute to the status of me United States 
as a technology innovator. Other invest- 
ments, although uneconomical, might be 
needed to counter the military activities of 
our adversaries. 

Finding?: Demand for launch services is 
the most important determinant of the value 
of investing in new launch systems* 

If future missions are as infrequent and 
diverse as they have been in the 19305* no op- 
tion reviewed by OTA appears likely to 
reduce average launch costs sigmfkantly, al- 
though several could provide improved 
reliability, capability, and resiliency. 
However, if over the next 2 years demand for 
launch services continues to increase, it 
would become economical to develop and 
procure new launch vehicles that could be 
processed and launched efficiently at high 
launch rates. Small payloads that could he 
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co-mymfes-ied with olhers wou-ld benefit 
even more from sucl! new vehicles. However^ 
until the country decides whether to deploy 
SDL revisit the Moon, explore Mars, embark 
on some other major space project, or limit 
space activities to those requiring only 
modest budget increases; accurate projec- 
tions cannot be made of eitherthe number or 
type of space transportation vehicles and 
facilities that mil be needed. Such projec- 
tions are essential if new facilities or vehicles 
are to be designed for maTinum economy. 

Finding 8; At Low*Growth launch rates it 
is uncertain whether it is more desirable to 
Invest in new vehicle technology or to eipand 
production and foundi facilities and in- 
crementally improve cwtrwit vehicles. 

At die launch rates assumed In the Low 
Growth mission model, none of the options 
considered by OTA offers a discounted life- 
cycle cost that is substantially different than 
that oF currept vehicles. Because the dif- 
ferences in Eife-cycLe cost axe small, choices 
among the options must be based da other 
econoim\; criteria, such as magnitude of near- 
term investment or peak annual funding; qr 
on noneconomtc criteria such as life capability 
amd reliability. 

New launch, vehicles could Hft heavier 
payloads or improve reliability and resilien- 
cy, but would require more investment than 
current vehicles or improved versions of cur- 
rent vehicles. Upgrading existing vehicles 
would have Jo^ development costs but would 
save less on operations costs. In addition, 
launching current vehicles at high rates would 
require improvements in reliability, ^adoip 
launch vehicles and facilities, or reductions in 
"downtime" following failures. If such chan- 
ges could not be achieved economically with 
current vehicles, then the most advisable 
course would be 10 pursue a new cargo 
vehicle. 



The inability of current vehicles to meet 
specific rtear-ierm needs would also provide 
a reason for developing new launch 
capabilities. For example, should the United 
States determine that it requires a Shuttle-C 
for Space Station or that it has a payload too 
large for the Titan IV, then a new vehicle 
might be appropriate. lu such circumstances, 
the specific nature of the need should be al- 
lowed to dictate the nature of the new vehicle. 

Finding 9: At Growth launch rates U ap- 
pears that the development of a Transition 
launch vehicle might yfcid savings. 

At Growth mission model levels* OTA es- 
timates that, the Transition launch vehicle 
would cost between $1 10 biftjon and S125 bil- " 
lion (see figure 1-3). Judged according to 
these cost estimates, the life-cycle cost of the 
Traustrionlatmcb vehicle could be as much as 
10 percent less costly than either the Titan V 
or the ALS- In addition, the Transition 
vehicle might have greater reliability, and less 
environmental impact at high fcttach rates 
than a Titan V and would entail less develop- 
ment cost than the ALS. 

Finding 10: At Expanded launch rates the 
Transition launch vehicle or Che Advanced 
Launch System sfeonld both yield savings. 

If launch rates more than quadruple by 
2005, with heavy cargo launch rates increas- 
ing more than tenfold, an Advanced Launch 
System or less advanced Transition launch 
vehicle should have lower life-cycle costs 
than the other options considered by OTA, 

Finding 11: Current methods for estimat- 
ing launch system costs are subjective and 
unreliable. Improving the sdenceof cost es- 
timation should be pari of any launch vehicle 
or technology development program. 

Even if fut&re demand were known, es- 
timated costs of lau nch systems would still be 
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highly uncertain because ihe- Umlcd Stales' 
space transportation operations experience is 
limited compared to Xhc. mature commercial 
aviation industry and a highly detailed 
database is unavailable* Although the Space 
Transportation: Architecture Study im- 
priced cost estimating models and these 
models continue to be improved in the 
NASA/Air Force ALS studies, much work is 
still needed to Sad and aggregate historical 
cost data, record and analyze more system 
details, make uncertainties more explicit, and 
develop the means to estimate the effects of 
new technologies on, manufacturing costs and 
launch system operations. Congress may 
wish to direct the Air Force and NASA to in- 
crease their effort to develop new, more 
credible cost estimation models. 



Finding 12: Large development projects 
for new spare transportation systems art nol 
likely i& achieve their cost or technical objev* 
(jves without continuity in commitment and 



The ultimate cost of any large system 
depends, id some degree, on how it was pur- 
chased. The nature of the annual budgeting 
and appropriations process often causes year- 
ly fluctuations in the continuity of develop- 
ment funds, or delays In purchasing systems 
and ferflities. These effects can. produce sig- 
nificant increases in the cost of large systems. 
Whca examining the credibility of any launch 
system cost estimate. Congress must take into 
account the effect ctf its own actions on 
program costs. 
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Chapter I 

Current Launch Systems 



CAPABILITIES OF CURRENT LAUNCH SYSTEMS 



In the early 1980s, the United States began 
to implement a policy that would have even- 
tually resulted in the United States relying 
solely on the Space Shuttle, for access to 
space. The Challenger* disaster ensured that 
ELVs will again play an important rote tn our 
national launch strategy. In various stages of 
production are the replacement Shuttle or- 
biter and 57 ELVs ordered by the Air Force: 
23 Titan IVs, 20 Delta lis, and 14 Titan H& 
The Air Force has reassessed its launch needs 
through 1995 and anticipates (as of June 
1985) a need for an additional 45 ELVs -20 
"Rtan TVs, 11 Delta Us, 11 MLV Bfe, and 3 
Tjianlfe. NASA plans 35 ELV and 53 Shut- 
tle flights by the end of 1993. 2 This chapter 
provides a ^snapshot™ of current launch sys- 
tems and their capabilities so that the launch 
system options discussed in chapters 3-5 can 
be compared to a baseline. 

These planned flight rates represent a con- 
siderable launch capability if they can actual- 
ly be achieved. Launch capacity depends not 
only on the lift capabilities of existing United 
States launch vehicles, but on their maximum 
production rates using present manufactur- 
ing facilities, and their maximum sustainable 
(steady state) flight rares at existing launch 



facilities. As shown in table 2-1, existing 
manufacturing and launch facilities have suf- 
ficient capacity to meet planned flight rates 
for NASA and DoD ELVs, with the possible 
exception of the Titan EV t "Hie Air Force has 
requested funds toaugmeu t Titan IV produc- 
tion and launch capability. 

The amount of lift capacity provided by the 
Space Sftuttie depends on how many arbiters 
are in Qie fleet and the njaxunuiu Shuttle 
0igfet rate. The calculation in table 2-1 
evaluates the capabilities of a fbree-orbiter 
Shuttle fleet with a maximum annual flight 
rate of nine* 

The amount of lift capacity provided by 
ELVs is limited by the lower of their maxi- 
mum annual production rates and their max- 
imum launch rates. Oirrently, these rates 
limit the United States to about 12 Scout, 12 
DeJta II, 4 Atlas/Centaur, 5 Titan IL 4 Titan 
nLajid6TltarilVlaunchesperyear, This in- 
cludes NASA, DoD, and commercial 
launches. 



Table 2-1 shows that the maximum space 
launch capacity available to the U.S. using ex- 
isting vehicles, facilities, and factories is 
roughly Sofl.OOGpoundsperyear to low-Earth 
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orbii (LGO). To put this number in perspec- 
tive, ihe United States launched about 
600,000 pou nd J peryear a n the two years prior 
to the Challenger disaster (island 1935). 5 



Thiis> current unimproved facilities give the 
United States room for limited expansion of 
its space launch activity. 
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LIMITS OK EXISTING LAUNCH SYSTEMS 



The previous section examined theoretical 
launch rales and capabilities of current sys- 
tems, However, merely examining "numbers 
of launches" or ^pounds to orbit" dots not tell 
the whole story because existing launch sys- 
tems have some \ cry important limitations; 

A lack of "resiliency" - Simply staled, 
resiliency is the ability of a. launch fleet to 
maintain schedules despite failures* The 
resiliency of existing launch fleets was called 
into question by the ELV and Shuttle launch 
failures in 1986. In order to increase space 
transportation resiliency, the Nation could 
develop new, more reliable launch systems. 
Alternatively, it could mate ejdsring vehicles 
more reliable, reduce the period of inactivity 
after failures, or increase the ability to 
^rge" by buying extra vehicles and payioads 
to lagneh at high rates following failure* In 
addition, tie United States could design criti- 
cal payioads to enable them to be flown on 
more than one bunch vehicle, when possible. 
Box 2-1, "Improving. The Resiliency of 
United States Launch: Systems/ 1 describes 
these resiliency options hi greater detail. 

High launch costs * Current launch costs 
are between $3 t 0OG and $6,000 per pound 
delivered to low-Earth orbit. Such costs 3 bait 
the amount of civilian, military, and commer- 
cial space activity that the United States can 
reasonably afford. For example, payload 
sizes in some SD1 mission models are com- 
patible with today's launch vehicles, but 
launch costs using current vehicles would be 
unacceptably high because too many 
launches would be required A baseline SDI 
Kinetic Energy Weapon architecture calling 



for lifting 40 aiiiltou pounds into orbit would 
have a transportation ^ost alone of $120-240 
billion using today's vehicles. Similarly, 
craiian activities that would necessitate lift- 
ing millions of pounds to orbit such as a 
human expedition to Mars, would require a 
reduction in launch cos's to be affordable. 

On the other hand, the costs of payioads, 
which can cost between $20,000 and 560,000 
a pound, may prove the ultimate limitation on 
the exploitation of space. As pointed out in a 
recent report by the Congress ional Budget 
Office, 7 dramatic increases in launch demand 
would require a concomitant increase in total 
budget outlays in order to pay for additional 
payioads. 

Shuttle flight rate uncertainties - The Na- 
tion has isr less experience with Shuttle 
pro^esini'^D^thELVprooesslft^'Tbu^- 
planned Shuttle Sight rales may be optimis- 
tic, as has beeu the case in tb* past In 1969, 
as shown in table 2-1, MAS A plans nine Shut- 
tle Eighte^hich would tie the record for the 
most flights ever made etc a single year with 
three orbltere. The added check-out proce- 
dures instituted in response to the Challenger 
disaster could make a return to this launch 
rate unlikely in the near future. 

Umils on payload siit - Using the Shuttle, 
the United States has the ability to launch 
payioads up to 48,000 pounds into I£O s or 
about 10,000 pounds into geosynchronous 
orbit 3 Both NASA and DoD space programs 
could benefit from a launch vehicle with a 
greater lift capacity. 



e Apcdto prtippm 1 * S 



dfW*shinpmLDC Gm£p«hOmI 
S operarkuMl iE vA[ be etpftEc cJ liwwlHfl$:ilKw( £$,{!<# paa a a taia LEO. rinui 



2Z * Laurtch OfHi-ocis ffjr the Flatus 



Using the present Shu ttle to launch Space htatnoh oNarge planetary missions. Using 

Station laboratory and habitation modules current vehil«5, missions like the proposed 

will limit the amount of equipment thai can Mars Sample Return, would require 

be integrated within the modules on the spacecrafts be launched in several segments 

ground. The rest of the equipment will have and assembled Jo orbit, 

to go up separately and be installedoH-orbit. c -„ ;1 „, .<„ ^..j „ t ^ _ -„_„„„:„„.„ 

-n.-. 'ii ~ ■ „!..>..••.! „~- .-. jji Similarly, use trend of using increasingly 

This will require a substantial amount of <hf- .,„„ „„!,„,. „;„„,:„„. _ -.3 „-,;„„ 3j 

u-avehtoilar acttv,^ (156 m3n -ho U re) and y effectivei effiploy ^ vehicle with 

"f i^SSS: « S^rSJVS?' ■»*» Uft "P^ U,an iirreot vehicles. 10 

greater Hit capacity vwrad also aid in the ^ ^*^ * 
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To increase thi resiLeacc of its launcher Ocet, the United States coold porsuc one or moxeof the fot-! 
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i'lhftjn more reliable and fasttz to jwepare and launch i tain cufrcaf ve&icle-t.' Of irnoriE > 'dew'i^>- ■ J 
log any new space, laWh whide u a ciullengiag task inviplsmg significant icduucal and finan- 
cial rist. ■'_■'. 'i_ ■-' ■ 

► Increase the refatritity ofamvnt launch systems - Where possiMc, some subsjstems on eiistiDg 
vehidei'coitldbe replaced •with new, nao^reu'ablA^b^eirt^mcreasing tie systems^ overall . 
leliabiBryaad resilience. EffomcuncDt]yundcT^ybdud^dc^op^faoIi*Tolcmfltavi«iics . 
and upgraded solid mown for the Titan FV, and Advaoced Solid Roctet Motors for IhcShuj- 
tlc. Still, aolaoachsystciOriiKJudiag the Shuttle, can be made IOO percent' reliable,* 

■ J/vtfw te ainrnt grwmd fariRii^t and buy mrtrv existing famchv&Uks and p^oads-'Whcai [ 
failure occurs, the United Slate* rends to interrupt Utmeh anftmiex imr'it the malfubciion ^ati. 
he jdeoafied and cAfrected. FoQowingtbis stand down, ihe btmdb system must "sorgc," that : 
is, Cy payloads more frequently than planned, to wotIc off the acttmralated backing. Expand- 
ing ground fadMiies and balding additional lawbcb pads, IanD<± vcbidts, and payloads would 
bnYjrovcrcs^BencybYiedodi^Ukefimcti^ : 
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A decision to deploy space -based biiHijinc abte launch rates. 11 However, as pari of the 

TT^ssiEt defenses would alio require vehicles ALS technology program, researchers at (he 

capable of launching E;irgc monoEiihic Air Forte Astronautics Laboratory arestudy- 

payloads to space. ing $aM propellents that not onJy have clean 

t-^-^—^i i r^ * vj exhausts, but improved performance and 

Environmental concerns - Current solid , ^_ *+u**.#i**cu i.u »«-ji-H*n 

, , , , . . . , ,. lower cost than the Shuttle propellents, 

rocket motors produce hydrochloric acid as a 

combustion byproduct. If the Nation were to The highly toxic storable liquid propei- 

rontimetouse these solid racket boosters on lants, such as the nitrogen tetroKide arid 

its launch vehides, environmental considera- monomethylhydraiine used used to power 

lions would at some point limit their allow- the core engines of Titan launchers, might 



rarely is the entire fleet of simifarincjdek grounded. 1 he Soviet Union has gencralfy maintained 
an aircraft-like "launch alter failure" philosophy white the U-S-H-maiah/ because of the high 
w»t aod uuiquc o'aturc of certain p >.1u>U<kI<I.0vu, . J 
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vehicles had compatible, icitcrchangcabfc interlaces, Ihen operational tlddbihty would be m-: 
creased and restn^ac^ might be increased.. A croical satell& manifested for a launch *ebide 
currently standing down could be remaniJestedfo^ Aliauiitioo 

o< tn« opiioo is Ui^ p^oaiis desigaed for'ib^ 
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* Haj ly Brmstcin a»d A. t>wigbt Abbott, "Space Transportation Afdii[cctuiL'RcMJieiJcy,"'WujLiu^ 
Paper. (EI Segondo, CA- The Aerospace Corporation, March 1967.) A specific our of launch systems 
is considered resilient if ir bus the ability to recover rapidly from failure^ and maintain launch schedules. 

b D\rn;nishtrt£ launch capacity tan cause delays and cancellations of lower priority (coroincrdaJ and 
research) payloads so (hat (he roost urgent payloads (national security and planetary payback with criti- 
cal launch windows) can be Down. About 70 Shuttle equivalent flights over ten years were eliminated, 
from (he Nation's launch plans as a icsalt of the space transportation crisis. Somce: NASA, Office of 
Space Flight, bric*tng to OTA, Feb. 8. 1988. 

* One contractor estimated tbe cost of tbe Chahcager aceide'tit (iciclDcnngtbc costs of replacing the 

orbite.r, replacing the caigo. investigating the accidml, irdesigmug thft flawed parts, and delaying thr 
launch schrdnle) to be iijiwaivk of ft? ^ biliinn 

A recent National Research CoonciJ report stated, "... the nation must realize that tbe Shuttle ar- 
biter fleet U ntely to continae to suffer occasional att^irion/ , National Research Council, Report a$ the 
Committee at the Space Starton, (Washington "DC: National Academy Press; September I9S7), p. 74. 
Rockets wiG fail occasionalry. soxncumcscatastrophicajly. 
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cause considerable environmental concern if toxic liquid propellanis, which also produce 
used at very high launch rates. Other, less clean exhaust products, are being studied. 
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Chapter 3 

Enhanced Baseline 



The ENHANCED BASELINE option is (nejU.S. Government's "Best Buy" if _. it 
desires a sfjiee program with cunerit or sli^Mygreater levels of activity;: By makiBgiinT -« 
crernentai its to existing tail vehicles,production and launch ladiiues, the 

U.S. could increase its launch capacity to about 1.4 million pounds per year to LEO. The 
investment required would be low compared to building new vehicles; however, the ade- 
quacy of the resulting fleet resiliency and dependability is uncertain. This option would 
- not provrdethHgwlaiuKii cr^^^ .i^r^na^ri^E^^)"igi^for.St)i uopl i> - 
.men; u-.:ii r.^Tcasiw cji?lir.i= space [ikli jli.e. !:kua piinlui: iiiUi:i«.ii> Kins. ""_ 



IMPROVING THE SHUTTLE 



The Shuttle, though a. remarkable tecb? 
nological achievement, never achieved its in- 
tended payload capacity and recent safety 
modifications have farther degraded its per- 
ferajatice by, approximately 4,800 pounds. 
Advanced Soiid Rocket ilotdri"(ASRMs) or. 
Liquid Rocket Boosters (LRUs) have the 
potential to restore-some of this perfor- 
mance; studies on both are underway. Other 
possible options Include manufacouing the 
Shuttle External Tank (EI} out of lighter 
materials, and improving the Shuttle ground 
processing flow to increase the Shuttle's 
launch rate. 

Advanced So!id Rocket Motors (ASRMs) 

The ASRM program goals are so improve 
Shurrie safety and performance significantly 
by: 

♦ designing the field joints to close rather 
than open when pressurized, 



• reducing the aiunberof factory joints and 
the number of pans, 

• designing the ASRMs so that the Space 
Shuttle Main Engines do longer need to 
be tiirottled, during the region ,of maxi- 
mum dynamic pressure, - 



* incorporating process controls and 
automation to eliminate labor intensive 
operations and itaprove motor quality, 
reproducibility, and safety/ 

An example of the savings potential of- 
fered by improved process control is 
Hercuies* new, automated, solid rocket 
motor manufacturing facility for the Titan IV 
solid rocket motors. Compared to an older 
United Technologies facility where the 
workforce is around 35, Hercules can cast 
four times the propellant at a time with one- 
tenth the personnel. 2 
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ASRMs would add an estimated 12,000 
pounds of lift 10 the Shuttle, allowing it to lift 
6 1,000 pounds to a 150 nm orbit/ At the 
proposed Space Station orbit (220 nm), 
ASRMs could allow z Shuttle to lift 58,000 
pounds instead of 46,000 pounds, sigaificant- 
lyaidmgSpaccStatiomJcpIojmeBt Thefirst 
phase of Space Station deployment is 
presently scheduled to take about three years 
and 19 Shuttle flights. With ASRMs this 
could be accomplished with five fewer flights 
in four fewer months. 4 Ftirtsenaore, if even 
more capability were desired, NASA could 
decide to develop LRBs or ASRMs capable 
of lifting 15,000 rathcrlian 12,000 addition- 
al pounds. 

NASA believes that ASRMs would require 
ab™t5 years and SI to S1J> billion fordesign, 
development, test, and evaluation. A set of 
ASRMs could cost $40 to SS0 mnDon, or 
slightly more ttian the : cost of present Solid 
Rocket Boosters. 5 

Liquid Rocket Boosters fLRBs) 

In parallel with (he ASRM studies, NASA 
is studying ways to enhattee tide Shuttle's per- 
formance by replacing the SRBs with LRBs. 
Like ASRMs, LRBs could be designed to 
provide an additional 12,000 pounds of lift 
over present SRBs. In September 1987 
General Dynamics and Martin Marietta 
began LRB conceptual design studies. The 
analyses will consider performance, safety, 
reliability, costs, environmental impact, and 
ease of integration with the Shuttle and 
launch facilities, in the early 1970s NASA 



compared solid and liquid booster technol- 
ogy for use on the Shuttle. NASA chose 
solids because it estimated that the liquid 
booster would cost from 50.5 to 1.0 billion 
more to develop than a solid rodcet motor. 

LRBs shouid have several advantages over 
SRBs. A Sight-ready set of LRBs could be 
test-fired before they were actually used on a 
mission. LRBs might also improve the range 
of launch abort options for the Shuttle, com- 
pared with easting SRBs or ASRMs. LRBs 
can be instrumented and computerized to 
detect imminent failure and 10 select the 
safest available course of action. Unlike solid 
boosters, that bum their fuel until spent once 
ignited, LRBs could be shut down or throt- 
tled up if necessary to abort a launch safely. 
Launch operators could also change the 
thrust proEBes of LRBs if mission require- 
ments dictated, while SRB segments follow a 
specific torust-profile-once cast One-piece 
LRBs should have shorter processing rimes 
than segmented SRBs, which needed about 
21 days forstacking before the Challeitgerac- 
cident, and around 70 days for the Erst post- 
Challenger flight. LRBs might provide a 
more benign payload environment than 
SRBs as a result of tbeir more gradual start 
and lower acoustic levels. These factors may 
also extend the orbiters* lifetimes by reducing 
structural stress induced by lift-off noise and 
vibration. LRBs would also produce less en- 
virorjroentally contaminating exhaust 
products than current SRBs and would 
eliminate operations involving hazardous 
propeilants in the Vehicle Assembly Build- 
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ing. Finally, LRBs could have applications 
beyond just the Space Shuttle, including 
ShultLe-C, an Advanced Launch System, or 
even as a new stand alone booster with a 

50,000 to 80,000 pound lift capacity, 7 

Lighter Tanks 

Another way to increase the Shuttle's 
capability would be to make the Shuttled Ex- 
ternal Tank out of a new alloy, such as 
algmteuim-lithimn, instead of aluminum, 
Atuminum-Ii&hium offers a 20 to 30 percent 
weight saving compared to the aluminum 
alloy now used in the External Tank If the 
External Tanks were made of aluminum- 
lithium and the inter-tanks were made of 
graphite epoxy, the Shuttle would weigh 
12,000 pounds less at lift-off 9 Since the Ex- 
terna] Tank is carried nearly all the way to 
orbit, reducing the weight of the External 
Tank by 12,000 pounds would translate into 
aSmost ]2,QG0 pounds of increased payload 
capability. 

Improving ShuEtle Ground Operations 

Introducing a number of new technologies 
and management strategies into Shuttle 
ground operations could make these opera- 
lions more efficient, faster, and cheaper. 



For example, introducing computerised 
management information systems into 
launch and mission control facilities could 
sharply reduce the amount of human effort in 
making, distributing, and hattdlmg paper 
schedules and information. It could also 
reduce errors and speed up sign-off proce- 
dures. 

Another strategy thought, to have the 
potential to decrease Shuttle processing time 
is developing "mission reconFiguiable 
software" to accommodate rapid, high quality 
mission- to-mission software changes. 
Software writing and rewriting is presently a 
constraint on the Shuttle's turn-around time 
and consequently, its flight rate. Other im- 
provements to Shuttle ground operations in- 
clude: 

• reducing documentation and oversight, 

• developing expert computer systems, 

• providing adequate spares to reduce can- 
nibalization. of parts, 

• developing an automated Shuttle tile in- 
spection system, and 

• creating better incentives for lowering 
costs. 



IMPROVING EXISTING ELVs 



Over the years, manufacturers have in- 
crementally improved their liLVs, increasing 
both their payload capacity and reliability. 



This process continues today as the payload 
capacity of each major LLS ELV family is 
now being increased. 



7 Gtnetaa DyaamJti, Spate Zj^cMi DMsioa, "Ad Overview cJ the Liquid Hwhi BmSler System" April 198S- 

S Bodrtg Aerospace Company, "Spare Transportation ArehllKiure Sto&y.'* Fn*! &tpofl h OS^HfJCtS^, MrV- 30, l9$7 r pp- Ite-tW. 



Delta 

Va riou s De I ta conf jgu rat Jons have su ccess- 
ful)y launched 170 spacecraft to orbit as of 
June 1988. Incremental growth of the Delta 
over the years has increased its lift capacity to 
LEO from several hundred to 8,000 
pounds." McDonnell Douglas is now con- 
sidering the next steps In the Delta growth 
plan, including improved booster engines, 
stretched graphite epoxy solid roefcet motors, 
extended fuel tanks, and wider payfoad fair- 
En^ These modiScations reportedly could 
increase Delia's LEO payload capaci^ to 
11,100 pounds by the mid-1990s, white a new 
LOX-hydrogen second stage could almost 
double Delta's current lift. 

Atlas-Centaur 

Use Atlas-Centaur presently has a lift 
capacity to LEO of about 13^300 pounds; or 
£bout5,10Q pounds, to geosynchronous trans- 
fer orbiL The Atlas-Centaur II is to have an 
ability to launch J 6,150 pounds to LEG, or 
about 6,100 pounds to geosynchronous trans- 
fer oxftiL TiikpcrfurioaECcenhancemeiUof 
almost 3,00000110(15 to LEO is to be achieved 
by in creasing the thrust of the boost erengines 
10 percent, stretching the Atlas propellant 



tanks 9 feei h ands 
3 feet. 



Titan 



Martin Marietta has produced over 500 
Titans since 1959 and will maintain active 
production lines well into the 1990s. A new, 
Ught-weight, graphite-epoxy Hercules solid 
rocket motor, which will be operational by 
1990, should boost Titan IV's lift capacity to 
LEO from 40,000 pounds lo 48,000 pounds. 
Improved fault-tolerant avionics have the 
potential to increase reliability. AJthough ex- 
isting manufacturing facilities can produce 20 
Titan cores per year, only 1 payload fairings 
can be produced per year with existing 
facilities? 3 

The Air Force cilrremly plans to launch 
four Titan IVs per year from complex 41 ai 
Cape Canaveral with a surge capability of six 
launches per year. Duplicating the pad 41 
modifications at pad 40 at the Cape would 
allow eight launches per year and a surge of 
12 per year. Combined with 2 to 3 launches 
per year from the West Coast, these rates 
would allow the Titan JV roughly 10 launches 
peryear, matching the Titan production rate- 



Table 3-1 illustrates the net effect of 
proceeding with somr of the enhancements 
described in this chapter. The result is that 
the United States could increase its launch 
capacity to about L4 million pouods peryear 
to LEO, more than twice as much as the 
United States, has ever launched in one year. 
The Enhanced Baseline option thus could 



provide a relatively low-cost meacs of in- 
creasing US, lift tapabili ties. 

However, evolutionary enhancements to 
existing launch syste ms could not provide thd 
low lannch costs (eg. 10 percent of current 
costs) sought for SDI deployment or an ag- 
gressive civilian space initiative, like a piloted 
mission to Mars, Furthermore, uncertainty 



AstKMUtfei Coepfifif, EhjitlirtgCOfi Bwdu CA» Jdy 15S7 

12 Pro* Smtflt -MrtkHHicQ nans Vapi MMup of Dria Un*i« H«V AuatiM WMt^^ ^Tqriiflntofr F=t- ]*> J9S7, 

13 H. Lange, tJirecs-ar, SjenaJ Span* McDodekD Ddfl« Aftrouutks Cempwry h pctraul raffluasuiiaiioi, Apr. 6 r 19S8. 

V AcrfMpw &qxNa[wnL« J AJr Fwc^FocuKtf S^wm Study, 1 * Report |S"n. TORflOflftAfStfflWJ])^ *ugus 



remains abytji (he adequacy of ihc resulting 
fleet rc^fjei^cy and dependitbifity. Unless 
vchidc reliabilities are improved, increasing 
vehicle flight rales would lead to more fre- 
quent launch failures. 

In addition, none of the options described 
in this chapter would provide redundant ac- 



cess to polar orbit for Titan-class payloads. 
This option would also not lessen the en- 
vironmental impact of high launch raies un- 
less the current generation of solid rocket 
boosters were replaced with clean burning 
Solid motors or liquid boosters 



Tabic 3-X,-Th«irct(caf lilt Capability of Enhanced V£. Launch System* 
± mass pnxTactkKi launch 
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Scout 

Tliann. 

Delia II (model $920) 

A!laVCeDl3«rrT(MLVUj 

Titan m. 

THitn fV with ftewSRM* 

Space Shuttle with " 

ASRMsorLfcBs 



570 
5,500 
11,000' 
16,150 
27^00 
43,1X10 

60^25* 



.'. zr&O};. 

64,600:' : 
110.400 ^ 
48fjJD|pb-f-: 

782,925:. 



toJai. .-■ 1,600,008 pirapdil^ 
x9TJ percent manifesting cfilcJcocy = 1,440,000 poancli' ^ 

poundsde&vcredroa 100 nm car cu to o/tat ai TR^ incErmTtoo unless ntbertwsc noJcd. 

n sustainable production rale with enhanced facilities in vehicles per year. 

rt susr^inabJc launcb rale vith enhanced facilities la vehides per yt±f . 

d mass delivered ukies (he lessor of (6c marunum production rate or the maximum hunch mip„ 

* Sgure obtained by averaging the future four orbitcr fleet's performance to a 130 am circular orbk 
{QVl&k 4S&Q pounds; OrViCO, O V104, and'O VIGG: 43,100 pciinds), aud adding 12,000 pounds of addi-7 
tioival capacity frois tie ASRMs. '.':■. ' L -! 
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Chapter 4 

Interim Options 



The U.S. Government's "Best Boy" is the Interim Option with ... 
1) ... Titan rv and more manutucHiring and laonch facilities if the Nation wishes To 
increase U.S. launch capabilities but does Dot wish to incur the high development costs 
associated with new launch systems. Building more launch pads would also insure against 
launch failures tbat could destroy pads and limittbe Nation's access to space. Resilien- 
cy concerns and limitations on for ore pads may make this op- 
tion difficult, to implement. 

2) . . . Titan V if the Nation wants a vehicle to launch heavy payidads infrequently and 
wishes to limit development costs. Titan V would hot be economical at high flight rates, " 
and thus might be unsuitable for SDI deployment or a highly aggressive civilian space 
.program. .. .;....' ■ ' "-L-' ."J.-!."-' -■ -"."V, T j'.- :■;'_* ',; ;■ :";:" ; 

3).. .ShoJUi-Ciftht Nationiv^ntsaiaewheavyliftiaiincrieratarelativeryJow develop- 
ment cost to support the Space Station, space science payloads, polar platforms, or back- 
up ^ir Force missions.-^Shuttle-CwouId cot be economical at high flight rates, aridtniiS 
might be unsuitable for SDI dcpioymenf-or a highly aggrc^ivc -civilian Space program. 



4) ... A Transition I aiinch System if iong-range plans indicate p need for increased 
launch capability by the mid to late 1990s and the Nation is willing to invest money now 
to lower launch costs or increase reliability to meet that demand. 



INTERIM OPTION YUTe TITAN IV 

As one interim solution, the United States creasing the production rate to 66 per year 
could build as many Titan IVs and Titan TV and building 12 additional Titan IV bunch 
launch facilities as necessary to accomodate pads. Another approach would be to build 
peak launch demand. Aggressively building fewer, high launch-rate pads, using an in- 
new launch and manufacturing facilities tegrate-transfer-Iaunch concept, 
would require investments of time and Bu j ldingadd iti n a il aun d ! fadli ! ie S would 
money comparable to those required for * t , . . . , 
, j . r * . , ^t* i. n. also provide launch insurance asyuiut pad 
developing new vehicles, OTA chase the , ^ *, „ , t . „ . t . . , i;e/^« 
t-* vttt **.- s x. * -„t shut-downs due to launch vehicle hft-oli 
Titan IV for Uns option because it mil have ^ ^ a Tjtan ^ ^ 

theheavtestpayload capactvof allUS.ELVs ^ ff ^ ^ ^^ 

when it becomes operational. r . , 1 . - ujt o 

r pounds of debris on Vandenberg Space 

The current Titan IV production rate is ten Launch Compiex 4. Two launch pads were 

per year; there are two Titan IV launch pads. damaged and required almost a year to 

To meet the Expanded mission model in repair. Bastngaspacetransportation&trategy 

chapter 7 using Titan IVs would require in- on an abundance of launch pads may be a 

1 U.S. Confess, OflfccorTeclw1gtogyA55c55mcr1t.fi 



good way to ensure that the Nation can main- 
lain access to space despite the possibility of 
catastrophic launch failures. 

However, the Nation will face difficulties 
in finding sites for new launch facilities, A 
recent Aerospace Corporation study noted 
that the main problem is a lack of Usable iEand; 

Suitable sites for processing and $attndtaAglwg£ 

space launch vehicles arc very scarce The- ■ 

hazards Enrobed m averting populated arte 
restrict accqrtabte&ites to-sea coast regies, the 
best of which arc al , „ {Cape Canada? Air 
Force SLaEio%K?£ta<^jr Space Center, ud Vaa- 
de^bcrg Air Force Bascj. Mc*st of ibeeristmg 
tauaeh pads were originally buQ[ in the 1350s 
aad ISWGa *fcen tnvjrottmcotal tnrl social 
restrictions vete much lea sracrc Si&fyfng 
tbe cttrrerM restrictions on newcoo*aiae&oa in 
these environmentally sensitive arees h a W&- 
plex, expensive, add tuue-c^risiuai^ task. 

The study pointed out that only four 
suitable sites remain for constructing large 
launch pads at existing launch bases: two at 
Cape Canaveral* one at Kennedy Space 
Center* and one at Vandenberg, FEirther- 
more,, the sites at Kennedy Space Center and 
Vajidecberg present difficult construction 
problems because of the terrain^ environ- 
mental restrictions. 

In response to these real estate limitation^ 
the Rowan Companies, Int* of Houston 
recently proposed developing large off-shore 



launch platforms based on oil rig technology r 
The Italians currently launch small Scout 
rockets from such offshore platforms. 
However, using such platforms for large 
boosters would require the resolution of a 
variety of technical issues such as safety and 
fueling at sea? 

A simple resiliency analysis demonstrates 
the problem In attempting to launch large 
nimibersofciirTentvehide^TitaJiIVlainich 
rates of 60 per year are inconceivable given 
current levels of reliability (around 95 per- 
cent) and current down times- following 
failure (6 months}. At a reliability of 1 failure 
la 20 flights (&5 percent), 60 Sights per year 
would result m an average of 3 failures per 
year. If each failure required a 6 month 
standdownfoT an investigation, the system 
could not approach its flight rate goal. 

OTA calculations in chapter 7 indicate that 
this option is competitive with all other op-. 
tions for the Low-Growth mission model. 
However, it Issutetatnially less financially at- 
tractive for die Growth or Eimanded mission 
models. In addition, this option must be 
regarded as rafcasible at the high launch rates 
implied by the Growth or Expanded mission 
models unless appropriate launch sites can be 
fotirtd and resiliency improved. 



INTERIM OPTION WITH TITAN V 

Titan IV will be the United States 7 heaviest first stage liquid rocket engines and addition- 

ELVand thus would be a likely candidate for aJ solid rocket motors, Table4-1 summarizes 

growing into a heavy lift launcher, Martin some potential options for Titan growth. 

Marietta. Titan's manufacturer, has. iden- . . * _. _, , , 

tir d 1 rtitfth ti f Ttan rv ^ version ot a Tjtan V would require 

P^ibrm^iLtloflskchX elki^g the *? m * new ^ware. &*>igtae H>e core 

, , ,. jj- jCj * diameter would require a new core structure: 

boosters core diameter, adding additional .,,< .,♦ , . 7, ,, , . , 

^ adding additional hqtud rocket engines and 
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solid rocket motors ^oultJ require new thrust 
structures, interfaces, and analysts. In fact, 
transforming the Titan IV directly into a 
vehicle capable of placing 150,000 pounds in 
orbit (almost four times Tilaa iV's capacity) 
would pose systems development challenges 
akin to those of a brand new launch vehicle. 

The low-Earth orbit payload capacities of 
the above vehicles range from 60,000 to 
150,000 pounds, atirtost (oar tunes (he exist- 
ing Titan Ws payload capacity. Whuegotng 
directly from the Titan IV to a 150,000 pound 
payload class vehicle might pose con- 
siderable technical and schedule risk, the less 
dramatic upgrades should have relatively 
predictable development costs and 
schedules. Martin estimates that the time re- 
quired to develop a Titan V would be be- 
tween 3 1/2 and 5 years depending on which 
growth path is takenr This rnjght permit 
development of a Titan-^derived heavy lift 
launcher sooner than either a Shuttle-C or a 
new ELV like the Transition launch system. 

The environmental effects of the large 
quantities of storable- liquid propellants 
(N^OtfUDMH) burned by the large core en- 
gines of a Titan V could present formidable 
obstacles to the acceptability of the concept/ 



in the other Titan vehicles, shipping and han- 
dling the large quantities necessary for the 
Titan V, could strain current propellant tech- 
nology and create environmental concerns. 
Furthermore, a Titan V would not be an ideal 
back-up for the Titan IV and its heavy 
payloads because of the likely technological 
commonality between the two vehicles. Al- 
though such technological heritage means 
that a new Titan would probably share the 
demonstrated reliability of existing Titans, it 
also means problems generic to the Titan 
family would ground the Titan V. 

Cost estimates for a Than V arc not as ma- 
ture as those for SbifttSe-C because the Air 
Force is sot sponsoring Titan V studies. Ac- 
cordingly, the Aerospace Corporation es- 
timated a Titan V's development cost to 
range from SS00 million to S3.5 billion, 
depending on the vehicle's size. In chapter 
7, OTA estimated it would cost about S1.2 bil- 
lion to develop Titan V. The cost analysis of 
chapter 7 shows that, at the high launch rates 
of the Expanded mission model, this option 
would be generally superior to Sfiuttle-C and 
Titan IV options, but inferior to the Transi- 
tion launch system ortheALS, At the launch 
rates found in the Low Growth and Growtii 
mission models, the Titan V is roughly com- 
petitive with all other options considered. 



Tab(t4.1.— TitaD Growth Options 

Vehicle. Core Diameter Liquid Rockcl Eogkes Sola Rocket M0I013 : Performance* 
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INTERIM OPTION WITH SHUTTLE-C 



NASA envisions Shuttte-C as a reliable, 
unpiioted, cargo vehicle with a 100,000 to 
150,000 pound payload capability to a 220 Dm, 
2S-5 inclination orbit It would use the Ex- 
ternal Tank (expendable) and Solid Rocket 
Boosters (reusable) of the current Shuttle, 
but replace the Orbiter with an expendable 
cargo earlier. The cargo carrier would con- 
sist of a payload shroud^ two or three Space 
Shuttle Main Hngines (SSMEs), and a por- 
tion of the Orbital Maneuvering System, the 
Shuttle's on-orbil maneuvering thrusters, 

NASA believes that the evolutionary na- 
ture of Shuttle-C would allow it to be 
developed in about four years. The major 
milestones include tests of cargo carrier 
structural loads, cargo carrier separation, 
vibro acoustics, and propulsion tests. Some 
observers feel that using Shuttle-C iri the 
vicinity of the Space Station would require 
developing an automatic docking system in 
addition to the unpiioted cargo vehicle. 
However, NASA's current plans are to use 
the Orbital Maneuvering Vehicle (OMV) 
presently under development for Space Sta- 
tion rendezvous and proximity operations. 

NASA expects Shuttle-C's reliability to be 
comparable to that of the Shuttle because 
both vehicles would employ common com- 
ponents. NASA pees Shultle-C T s com- 
monality with the Shuttle as a benefit, 
because it would allow Shuulc-C to profit 
from the Shuttle's "learning curve" and avoid 
the "infant mortality" problems and schedule 
slippages normally associated with a new 
vehicle. 10 



The Air Force, on the other hand, has ex- 
pressed concern that such commonality could 
be a liability because it "places all our eggs in 
one basket." For example, if an SSME failed 
and required the grounding of the Shuttle 
fleet, Shuttle-C would be grounded as well 
because it would employ the same engines. 
Similarly, a major accident in launch process- 
ing could ground both vehicles. 

The current Shuttle-C design would place 
100,000 pounds in an equatorial LEO orbit 
(220 am, 28.5 ), 94,000 pounds in a polar 
LEO orbit (hSO nm), or 20,000 pounds in 
GEO using an existing upper ssage. In addi- 
tion to applications generic to all heavy lift 
vehicles {see hoot 4-1), such as launching large 
space science payloads, polar platforms, 
Sliuttle-C could also serve as a test-hed for 
"flying new Space Shuttle elements such as 
ASRMs, LRBs, or variants of the SSME 
without risking lives or a reusable orbiter. 
Because the Shuttle-C could cany the Cen- 
taur uppfir stage, it would provide alternative 
access to space- for heavy planetary payloads, 
or certain national security payloads, which 
currently can only fly on the Titan IV. 

Perhaps Shuttle-C's strongest selling point 
is its contribution to deployment of the Space 
Station. Use of Shuftle-C could reduce the 
time required to deploy the Space Station 
from 36 months to 19 months by carrying 
more payload per Sight. It would allow com- 
pression of nineteen Shuttle flights into seven 
Shuttle flights plus five Shuttle-C flights. 11 
Using Shutt!c-C to deploy the Space Station 
could also increase the amount of equipment 
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Box 4-1. — Heavy-Lift launch Vehicles: Advantages and Disadvantages 

Much of the debate over new launch SysleiKS lias focused on the desiiability uf 
building vehicles with greatly improved lift capacity. The largest capacity vehicle 
now in the U.S. inventory is the Titan IV, which is designed to launch about 40,000 
pounds to low-Earth orbit The new uilpiloted launch systems currently being ex- 
amined— Shuttle-C, Titan V, Transition launch vehicle, and ALS — could have a lift 
capacity of 1 00,000 to LS0.000 pounds to low-Earth orbit. 

Advantages ■■ ;-.?--c" i "': ' : "p-' "'■''' 

A new high-capacity launch vehicle VouiaVoT course, gfve the United States the 
ability to launch large, monolithic payioads. Space Station modules, Jargeplasetajy 
spacecraft, or SDI systems could be iaurj.cbed fully assembled, thereby reducing the 
■number of required launches, assembly tune, and amount of exfrav«bicular activity, 
-while possibly increasing reliability. SinceactosiderabieamouiitSf money current- 
ly isspent trying to limit the weight of evea oui largest jMryloads, increasing the 
capabili ty of the launch vehicle would relax these weight .constraints aiid help to 
"reduce the high cost of payioads. : . ' :" : ; : :.":"' ■•■ 

A hcavy-Ii ft launcher could also launch several smaller payioads af the Same time, 
reducing the launch cost per payload arid the total nurnber of launches needed to 
meet program objectives. Finally, building lauuch velikies with Capabilities that fai 
.: : escccd those actually needed would allowdiehitb be flortri at less tltaii theii ■ maxir. : 
: injuMii potential. Fryibg launch vehicles below their roaiimum pct&jaiwixiraiiagY 
■would lessen the strain on ciitical:eiigiii6 coiupoueribji and perhaps increase 
retiahiliy. Such excess capacity would also ease the enisdng Burden oil flight software 
and reduce ihe impact of inadvertant growth" of payload weight By carrying iiiore 
payload pei flight and reducing the number of flights required, a heavy lift launch- 
er could increase the ability to fly off excess capacity and therefore increase fleet 
resiliency. 

Disadvantages 
A heavy lift launch vehicle would have some drawbacks, though. A launcher 
capable of delivering 150,000 pounds to orbit might be iriexpensive per pound when 
launched fully loaded, yet this may not always be possible. At present, few 
monolithic payioads have been identified that could take full advantage of a heavy- ■ 
lift -vehicle capability. On the other hand, launching multiple payioads of small or 
medium-size is extremely difficult to coordinate efficiently and to insure, if the 
payioads are commercial. Should the Uriited States decide to deploy a space-based 
ballistic missile defense system, a heavy-lift vehicle would be very efficient, since 
manysimilarpayloadscouldbetauncbed togeftcrtn cororhoD orbits, in this respect, 
SDI is unique in its requirements. Commercial users and space scientists might 
avoid using a large "bus," with limited Operational fleidbulity, preferring instead a 
dedicated "taxi" able to respond io their individual needs. 
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ihat could be integrated into the modules and 
dieekcd-OLJi on Ehe grownd h increasing both 
reliability of the Spate Slation modules, and 
safety of the Shuttle crews assigned to space 
station assembly. 

A fully instrumented Space Station teb 
module weighs about 69,300 pounds. 
Launching it on the Shuttle would require 
off-loading 29,600 pounds of instauttcats and 
other hardware, which would be launched on 
additional Shuttle fh'^ita, installed, and in- 
tegraied oo-orbit. Shuttle^C couJd launch 
the entire 69,300 pound lab module on oae 
flight, reducing on-orhit assembly require- 
tQtutSj and possibly improving the reliability 
of the components, Furthermore, Shuttle- 
Cs projected 100,000 pounds of payload 
capacity to Space Station orbit would satisfy 
about 5$ percent of the Station's annua! 
resuppry requirements .in one^Jliglu; 

NASA plans to use Shuttle-Coaly two or 
three times per year, a rate Ihnited by the 
availability of tbe SSMEs it would use. To 
keep development costs down, NASA plans 
to use SSMEs after they have 2o»n on Ebe 
Shuttle, SSMEs are qualified for 20 Shuttle 
flights but NASA plans to use them at most 
10 tunes. 12 These SSMEs would then be fully 
inspected* refurbished, flown, and expended 
on the Shuttled" To increase Shutde-Cs 
flight rale beyond a few flights a year, addi- 
tional SSMEs would have to be procured. 
This would substantially increase Shuttle-Os 
cost, although larger SSME production runs 
should produce some unit cost reduction 
from the present cost of S40 mfllloD per en- 
gine. 



The ShuttSe-C would also have a ]imited 
fltghE rate because, unless additional Shuttle 
processing facilities were constructed, it 
would have to be merged into the Space Shut- 
tle processing flow, NASA estimates that 
Kennedy Space Center facilities would have 
to be modified at a cost of $20-50 million to 
support a combined annual Shuttle/Shuttle- 
C ffight rate of 34 (e.g. 1 1 Sbutdes and 3 Shut: 
tfe-Cs) without unduly disrupting Spaee 
Static processing* 14 IF the combined Shut- 
de/Shutfle-C annual flight rates approached 
20, an additional Mobile Launch Platform 
and ao SRB Stacking Facility would be 



NASA estcnates that Sbutt?e-C launches 
would cost about the same as the current 
Shuttle, though it would cany roughly three 
times the payload. This is about $240 mOHon 

..per launch divided by;. 120,000 pounds, .or 

- abontS2,006perpound, 

NASA estimates of Shuttle^C deveiop^" 
meat costs range from $740 million 15 to$lJi 
billion, excluding the costs of facilities 
modifications. If this estimate is correct, 
Shirtfle-C would pay for itself after beiflgused 
for Space Station deployment alone- Station 
deployment using Shutde-C would require 
seven fewer launches at a cost of S240 million 
each for a savings of Sl.7 billion. 

The cost analysis of chapter 7 shows Shut- 
de-C to be uneconomical as the Nation's 
principal heavy lift launcher if there is a sub- 
stantial long-terro demand for such 
capability. However, it may be an attractive 
option for launching the Space Station 
deployment or a few large 5 
al security spacecraft. 
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INTERIM OPTION WITH TRANSITION LAUNCH SYSTEM 



The joint DoD^NASA Advanced Launch 
System {ALS) program seeks to make an 
order of magnitude reduction in launch costs 
by the iate-1 Wft using a launch system start- 
ing from a ''dean sheet of paper-** MMlv, 
the Air Farce suggested that it might be pru- 
dent to build an Interim Ah$ or Transition 
faxntft system to meet launch demand in the 
mid-19905, before the Advanced Launch Sys- 
tem (ALS) would be operational Such a 
Transition launch system would have been 
based primarily on existing technology. The 
Air Force expected to achieve a threefold 
redaction in operations costs. Fe&ringthata 
Transition launch system might make early 
deployment of spate-based ballistic missile 
defenses more Ukely, Congress directed the 
Air Force to omit the notion or Transition 
launch, s£&en^ development froien the ALS 
progranv and to concentrate instead on a 
program of system definition and technology 
development with thegoalof achievingafac- 
tor of ten reduction in cost per pound?. 

Before it was prohibited by Congress, some 
contractors had envisioned the Transition 
launch system as a modular vehicle with lift 
capacities ranging from 6^000 to 15G h 000 
pounds. This lange of capacity would be 
achieved by budding a common core stage 
and varying the Dumber of strap-on boosters, 
depending on the weight of the paytoad. 
They envisioned that a Transition launch sys- 
tem might therefore avoid payload coordina- 



tion problems by being able to launch single 
or multiple payloads cost-effectively. 

A precise Transition launch system cost es- 
timate is not available because a specific 
design docs not exist Nevertheless, the ALS 
Program Director estimated that developing 
a Transition launch system would take about 
7 years and cost about S5 ballon. 9 Roughly 
SI billion would be needed to develop a new 
engine, $2 billion for the rest of the launch 
vehicle, $0-5 billion for facilities construction, 
and $1.5 billion for ground support equip- 
ment OTA has not bac! access io a detailed 
derivation of these cost estimates, but does 
not regard them as unreasonable. 

Based on the estimated life-cycle cost of 
the particular version of the Transition 
launch system considered by OTA, the 
Transition iatmch system appears to be one 
of the most cost-effective launch vehicles 
over the range of mission models from Low- 
growth to Expanded. En addition* depending 
on bow different the Transition launch sys- 
tem was from today's launch vehicles, it could 
also provide a technologically independent, 
back-up means to orbit in case existing sys- 
tems are grounded again because of failures. 

Unlike the other three other launch sys- 
tems described in this chapter, a Transition 
launch system would be brand new and have 
greater uncertainty regarding its ability to 
achieve goals for technical performance, 
schedule* costj arid flight rate. Therefore, 
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comparisons of costs and capability between bilious development project, such as the 

[he Transition launch system and other sys- Space Station. NASA officials do not bel ieve 

terns must be treated with considerable can- thai a new launch vehicle would be initially 

tion. For that reason i{ may not be advisable reliable: enough to launch one-of-a-kind 

to rely on it as a key element of another am- Space Station module*. 3 ^ 
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The FUTURE SOLUTIONS option Is the US. Government's "Best Buy" if ... it wants 
to support a very aggressive, space program that would not only develop specific launch 
systems hiit would also advance space technology. launch systems based on emerging 
technologies could allow greatly reduced cost, increased performance, and operational 
flexibility bnt would entaij high degrees of economic and technical risk. To obtain ad- 
vanced technology Immchsy^emsbythe the turn of the ceiifwy, the I inited States mnst 
begin asustained technology r fleyeiopment program how! - 



This section examines three potential fu- 
ture launch systems: the Air Force's 
proposed unpilmed cargo vehicle, tie Ad- 
vanced I-auneh System (ALS); NASA's 
proposed piloted follow-on to the Space 
Shuttle, the Shuttle H and the National 
Aerospace Plane (NASPX a piloted hyper- 
sonic vehicle that would be capable of taking 
off and landing like aa airplane. These 
launch systems, particmariy the Shuttle 11 and 
NASP, require more dramatic technology ad- 
vances than the systems described to previous 
chapters. All three of these launch systems 
envision applying advanced technologies to 
vehicle design and fabrication; launch 
processing, integration, and check-out; mis- 
sion planning and control; and if appropriate, 
vehicle recovery and refurbishment. 

As an unpiloted cargo vehicle, the ALS 
would be less technically challenging than 
either the crew-rated Shuttle II or NASF. If 
aggressively funded now, ALS could be avail- 
able around the end of this century. Because 
both Shuttle n and NASP would use highly 
advanced technology, and entail considerab- 
ly more technical risk, they could not be 
operational before the early part of the next 
century. 



Tliese proposed vehicles would be pursued 
in addition to tno"Se vehicles already 
described in the Baselise or Enhanced 
Baseline, if the Administration and Con- 
gress decide to pursue a aear-tenn deploy- 
ment of ST}!, or a piloted lunar or Mars 
mission, then the Nation might need the 
vehicles described in the Enhanced Baseline 
program (chapter 3}/?fcir an Interim vehicle 
(chapter 4),p£rtfdneariEOTe of the advanced 
vehicles described here. 

Future space transportation systems will 
serve two broad mission categories: those re- 
quiting high masspayloads (propellants, con- 
sumables, large monolithic pay loads) 
launched to orbit at a low cost per pound; and 
those using extremely high valne payloads 
(humans or unique, expensive spacecraft), or 
servicing and repair, for which a low cost per 
flight but not necessarily low cost per pound 
would be desirable. An unpiloted cargo 
vehicle such as the ALS could probably serve 
the former role best. Design of the Sbuttie- 
II and the NASP are oriented toward the lat- 
ter mission type. 
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ADVANCED LAUNCH SYSTEM (ALS) 



In undertaking the ALS, the Air Force 
seeks to develop a reliable, heavy-lift launch 
vehicle able to achieve high launch rates at 
low cost. ALS managers are tasked to 
achieve a factor of ten reduction over current 
costs per pound of payload orbited. The 
design of the ALS is also supposed to allow 
growth to meet changing mission require- 
ments. 

In July 1987, seven contractors were each 
awarded $5 million, 1-year contracts by the 
Air Force to define conceptual designs. The 
Air Force asked them to include considera- 
tion of ground operations in the system 
designs and cost estimates and to prepare 
technology development plans and industrial 
preparedness plans. Although the details of 
the contractors' initial concepts are . 
proprietary, they have considered both ex- 
pendable and partially reusable vehicles 
(some with flyback boosters or recoverable 
propulsion/avionics modules), with 
capabilities varying from 100,000 to 200,000 
pounds to LEO. Proposed engines include 
combinations of uprated existing engines, 
solid rockets, and a variety of new liquid en- 
gines. 

The ALS is expected to capitalize on ad- 
vanced materials and manufacturing and 
launch processing technologies to cut costs. 
For example, aluminum-lithium alloys could 
be used in tanks and otherprimary structures, 
which tDuld result in 20 percent lower cost 
and a 10 percent increase in strength over 
common steel and aluminum alloys, once 
manufacturing and supply development is 
achieved. Filament-wound composite motor 



casings, shrouds and adapters likewise may 
offer cost advantages to the ALS by increas- 
ing strength and performance while reducing 
weight Automation could cut the present 
high cost of fabricating composite structures, 
and robotics may be applied to plasma arc 
welding and other processes effectively, even 
in relatively low rate production. ALS 
managers are exploring a variety of launch 
operations concepts, including horizontal 
processing, new launch complexes and im- 
proved manufacturing, systems integration, 
and cfaeckoutjprocedures. 2 

The ALS could be a low cost per flight 
"space truck" capable of lifting 100,000 to 
200,000 pounds to LEO, sending heavy satel- 
lites into orbit or delivering bulk supplies 
such aswater, food, and fuel to a Space Sta- 
tion. The Air Force has stated that such a lift 
capability would primarily be required ta- 
launcb elements of a ballistic missile defense 
system and to alleviate payload design weight 
constraints. The Air Force estimates that 
the ALS could be capable of 20 to 30 flights 
per year after 1998. 

Reliability estimates for an ALS are dif- 
ficult to specify at this early phase; however, 
the program stresses the achievement of sig- 
nificantly higher reliability than current 
vehicles. One concept ALS contractors are 
investigating would incorporate an "engine- 
out" capability, in which the loss of one rock- 
et engine would not endanger completion of 
the mission. Commercial aircraft use a 
similar safety feature. 
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Because development of [he AL5 would 
push the state-of-the-art in selected areas of 
technology, il would entail considerable cost 
and develop mem /isle, yet such risk would be 
lower than the risks involved in NASP or 
Shuttle II development. The aerospace field 
is rife with examples of technologies that took 
much longer to develop and implement and 
cost much, mare than originally anticipated, 
such a& structural composites or the Shuttle's 
thermal protection ^slem. Many of the goals 
for A1S are reminiscent of goals set in the 
early 1970s for the Space Shuttle regarding its 
lift capabilities, turnaround, and cost. The 
greatest impediment la the AL3 program will 
be the high cost of developing the vehicle arid 
building new facilities to manufacture and 
launch il Historically, programs with high 



up- from cosr* and rto quick return are dif- 
ficult to selE. This sometimes leads to com- 
promises in the system design that reduce the 
front-end costs, but also increase the opera- 
tions cost. Many argue that this is what hap- 
pened to the Shuttle and may be happening 
again to the Space Station, 

As mentioned m the previous chapter, 
another potential limitaaort at any heavy 
lifter is the dUESculty of placing several dif- 
ferent payloadSn with different orbital des- 
tinations, on a single launch vehicle. 
Maintaining a high launch rate for these 
vehicles may also require changing the way 
we presently prepare «and handle paytoads, 
For example, conmMfiality of pay load inter- 
faces and on-pad auxiliary services may be re- 
quired. 
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Shuttle II, presently the subject of limited 
design studies, would be a second generation 
Space Shuttle that could be used to service 
the Space Station and other future programs 
requiring astronauts id space. It is not seen 
as a heavy-lift launch vehicle. NASA en- 
visions Shuttle Uas a post-2000, piloted, two- 
stage fully reusable rocket-powered vehicle 
capable of launching between 20$00 and 
63,000 pounds to low inclination LEO. 

In some respects the Shuttle II is meant to 
be what the present Shuttle never became: a 
space transportation system chat is relatively 
inexpensive, dependable, flexible, and 
capable of being turned arovusd quickly. 
NASA planners expect Shuttle II to include 
light-weight primary structures, durable ther- 
mal protection systems, reusable cryogenic 
propellant tanks, reusable low-cost hydrocar- 
bon and hydrogen propulsion, expert systems 
for decision makisg, robotics, and fault- 
tolerant, self-testing subsystems. Sbattle U 
could benefit from the structure and avionics 
advances of NASP and the production and 
operations advances of ALS. 

As art advanced piloted vehicle, the Shut- 
tle If could be used to support the Space Sta- 



tion or for self-contained experiments, 
NASA hopes to begin development in the 
mid-1990s and achieve a Erst flight around 
2005. 

Reduced launch costs would be sought by 
using advanced flight control systems and ar- 
tificial intelligence, increasing automation, 
and minimizing launch and ground support 
For example, one conceptual design has ex- 
plored reducing ground operations costs oy 
erecting the vehicle from a self-contained 
transporter after servicing it much like an 
aircraft. As with Soviet launch practices, 
there would be no need for elaborate launch 
towers. 

As with other advanced vehicles, the 
primary limitations to Shuttle H are its high 
development cost and uncertain develop- 
ment timetables. Because it would cahy|>as- 
sengers, Shuttle O's testing and certification 
requirements would be stringent. Also, cur- 
real Shuttle H conceptual designs incor- 
porate two ftigh-vslue reusable vehicles; 
therefore, it would require high reliability to 
reduce the cost of failure. In case of failure 
of either reusable vehicle, standdowns could 
be drawn-out_ 



NATTONAL AEROSPACE PLANE (NASP) 

The NASP program is a high-risk program hurdle is the development of a "seramjet" 

with a potentially high payoff that might engine capable of operating both in the at- 

someday lead to a new family of aerospace ntosphere and in space. The NASP program 

vehicles capable of taking off horizontally must also solve several additional technical 

ISfce a conventional airplane and flying all the issues: 
way to Earth orbit. Trie principal technical 
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• Propulsion/ Airframe Integration 

* Aerodynamics and Computational 
Methods 

» Materials and Structures 

The joint NASA/DoD program, managed 
by the Air Force, is aimed at developing these 
critical technologies arid ground testing 
NASP engines by 1990. If the Government 
decides to continue the program through file 
design and fabrication stage, an experimental 
Sight vehicle (the X-30) could be starting test 
flights in the mid to late 1990s. NASP 
program managers suggest that a NASP 
based on the results of that research could be 
operational by about 201Q- 

NAS? capabilities are still uncertain, but 
experts assert {ha* they mil be similar to tile 
Shuttle EL NASP's ability to take off from 
runways instead of large fixed launch sites 
and its great speed would provide unique mis- 
sion flexibility and could make it useful to the 
military for reconnaissance or strike mis- 
sions, NASP technologies may find applica- 
tion in civilian aircraft of the next century. 

The principal uncertainties about NASP 
concern the feasibility of certain tech- 
nologies, costs, and development and testing 
timeframes. Although the program is 
designed to develop new technology as well 
as construct a test article, the current program 
emphasis on early demonstration flights 
could inhibit technology development. For 
example, the materials needed for airframe 



Srtd engine components must he strong, 
lightweight and capable of withstanding 
operating temperatures of 120G°F to I800°F 
while maintaining their strength. Yet the ad- 
vanced metallic alloys and composites now 
available do not have these characteristics. 
Considerable research is also needed on the 
X-30*saerodyflaaticstability above Mach 15. 
In addition, saramjet performance at the high 
Mach numbers needed to reach orbit is un- 
certain. 

Its payload capacity could be relatively 
small since its main function would be to 
transport humans for civilian space needs or 
military operations. Successful development 
thus would Iinprove'resuieiH^ for payloads of 
moderate weight or punted missions. Un- 
resolved questions about the NASP include 
cost, safety, storage of cryogenic fuels, and 
environmental effects, including sonic 
booms. 

Of the three advanced technology launch 
systems described, the NASP represents the 
greatest technological leap. The present X- 
30 research program entails considerable 
technological risk. It could also be a sig- 
nificant driver of aerospace technology 
development because it requires major ad- 
vances in propulsion, aerodynamics, and 
materials. Final costs and performance of 
NASP technology are uncertain and will con- 
tinue to be for some time. For this reason, 
NASP was not included in the chapter 7 mis- 
sion models and funding profiles. 
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Box S-i.-Unconvenlional Launch Technologies 
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Chapter 6 

Technology Development Options 



TECHNOLOGY DEVELOPMENT is the VS. Government's "Bfcsl Buy" if ... it is 
concerned about tiie state of the Nation's sp3ce transportation technology base and it is 
optimistic about the space program's Jong-term prospects, but expects littie near-terra 
funding available for developing new vehicles. This option aggressively supports tech- 
nology development programs across a broad range of disciplines. Greater funding for 
space transportation research and technology develops both technology and human capi- 
tal — the next generation of aerospace engineers aud tecfutidans. 



THE SPACE TRANSPORTATION TECHNOLOGY BASE TODAY 



Marty observers consider our existing 
space technology base to be inadequate. For 
example, since the U.S. commitment to the 
Space Shuttle in the 1970s, propulsion tech- 
nology development has shifted from broad- 
based research to a very "narrow focus on 
Space Shuttle mam engine development. No 
other significantly advanced propulsion tech- 
nologies have been developed in the United 
States for 20 years.* When the Saturn V 
program ended, much of the technology base 



was lost. Not onry were (SU documentation of 
the technologies left incomplete and 
decentralized, but mudi of the "art" of cer- 
tain disciplines was lost when scientists, 
metallurgists, and engineers left the industry 
or retired.' In addition, "many of the facilities 
that would be required today for developing 
the advanced engine technology have been 
closed down, mothbailed, or converted to 
other purposes. 



DEVELOPMENT OPTIONS 



To reverse this deterioration, the National 
Research Council, for example, recommends 
that NASA improve engine design and 
develop: 

* a range of advanced (low-cost, highly 
reliable) Earth-to-orbit engines to ac- 
commodate the potential future launch 
vehicle fleet mix; 

* a reusable cryogenic orbital transfer 
vehicle (UTV) engine; 

* a high-thrust, high-performance out-of- 
or hit propulsion system for manned Mars 
and similar missions: and 



* a high-performance, low-thrust primary 
propulsion system for solar-system ex- 
ploration spacecraft (nuclear-electric). 

The National Research Council and other 
groups have also made a strong case for in- 
creasing research funding for materials and 
structures, automation, life support systems, 
and other disciplines that could contribute to 
a stronger technology base. Officials at 
NASA and DoD have recognised the need 
for additional attention to space transporta- 
tion research and have instituted programs to 
belp meet it. 
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Box 6-1. — Experts are Concern^ + . , 

"Rcbtf itding the Nation's technology base U c&entiaE Cof the su achievement iy long-ictm space 

goal: ;it is irately, agreed that wc arc living oft the. interest of \hc ApolJa invtitmciit, And ihal it is Eimt to v 
replenish our cceitocdogv reservoir in order to enhance our range ot technical options.** -Sally JC Ride* 
Leadership end America's Future in Spjce (Washington, DC; National Aeronautics and Space Administja- 

fori; August 1957), . ,.:; 

"Many tcdiaolcgje* critical lo the fmure of space transportation are poised lor major advances . . . Uirrent 
■■f^{?^^:ics^s.5evGHity inhibit ibc'jiincty development of' a majonty;^: dectssaiy; key technologies .■ : .;'?; :v 

■ Ficfliiies in die areas of propulsion, s4niaw^ 

cop* with developineiH resting requir DoD/NASA Steering -Group, Nadotuit Space ; 

7™.iy,-vrt*ifi:"i«mJ^iyifh<. c iP.fr 1 S-;-.— *:> Refill. Sid) I*. 1"*** 

-Owr the pail 15 >cars . . . (NASA's Office of Atroaauua and Space Technology his bjeeo severely 
restricted'. /■:! ^A^ T s preoccupation 'with sTiorH^rm gpalfi han Irfi 'ffitt^gR^^KAlrir'ii.Y/MFtuY in- 
adequate lo support advanced spaa: missions ... fV]irtua)Jy ... I«m rafjoeyj . has been spent OQtechnol- : 

■ ogy metat for roissioos snort titan five years m the future .*. . |T|he committee reviewed tbe state of 
^il---.*n-fd '.pif RA'f f«.nliirf-::,|Kt;?-c nl 'ilijiz Iiil.-:-jz.-. . . "f'st iCjuJr *j*. ii?pr-j'Jn^"--r''niiirjl j 

" Research Council, Aeronautics and Space Engineering B^aid, Spec* TeeWtojy to Afrit /unW NccdY ■ 
iW>>!ili^f.-n!i-' *..r:. :i*! A.-.irl-s'yi'ffv. l:..-f!;v-r!>"7:. 

■ 'OiwcwTcnl space technology program is defidentmrRt»rcgardi:firsCti«sa»peandiQtewir>*ofiielja5ic 

research and technology/ program is iaadequatero provide ibe rangeof t«hcicalopiiotL;» i ene©d for both, 
? thV nr-ar.'Aiid idi&fotit tuiujf«;-sficoi 1. 1 !..■.■■ i.i* i. r ij* :lnr..-if:, r yj- iI.jii, :"slrRiil:-='!. *'::■.": nr Is.iW .■"■■■■ j 
developed to the stage wfecic (hey can be selected (or application." -rYufleww^lfc* Space Fmntierf'RcptriX. -j 

■oF'beNationa" Gftnini&afja on Space, New VorJ^-BiErtaia.Ewtc^May.iSSS. ■ ■:::.; ■ ■ ■s;-^~j}^r 

: "Space technology ac" vaaoement underlies aoy comprehensive futu/e space activity. The preset course is 
d^luv-lUccstir'-alQ^uhwOiao F^rDtJ^p.jMtiL New cummilmc^arc^alkJ twin Key ^^ 

■ .'. . We support ... a threefold increase in ilk relatively low rjudge* bw ortrcmcly important ;%tf3Jwe \ 
technology "advancement, e^pcciiUy in" view of -rtrnnp fa dpi commitments to <uch 1>c1li>oJoct drvclb^ : 

-■mcrih"i+U.S. t^lSpffi'itypwK.-ipi AlAAXss£Ssm&it s '\§6'L ■. ■ ^ ■:; ;■■■■■ '.'■-.■■ ■.-.- y . : A . ■ 



OTA did not cany out an independent as- Over the last 15 years, otily about 2 to 3 per- 

sessment of the adequacy of current funding centof the total NASA budget has been dedi- 

levels for advanced technology research and cated to space research ajad technology, as 

development. However, several recent shown in figure 6-1. The actual space R&T 

studies have reached the following eon- funding trend isgiven in figure 6-Z The NRC 

elusions: pointed out that even a comparatively mature 
industry like aeronautics spends about 3 per- 

National Research Council cent of sales on research, while space re- 

A recenl National Research Council f^^SSwiTJT li^Lt^ 

_ , ^ t. ^ t no-r> industry s J2G bilhon artDual space-related 

report drew a connection betweeD tow R&D J „ ^ , > j , 

, c ,. t .u . j ■ u i u revenues. Because technology development 

faahni .for space the trade imbalance bo ^^ and e^loiatioa efspace 

tween the United States and other countries, . , f . r T T r. 

and (he loss of US. leadership in space.^ lsless ™ tonl ,han »«owli* *» «VOB«* 

2 HMd.,jjf,]53'lS6. 
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Figure £-1. 

NASA Spstce Feseprch Pfld Tuahnoio^/ Ktf^grt a 

P*rctflLu^ orTotd! NASA Budget 




FigHraG-3. 
Annual Span SchStcIj Sud Technology Funding 
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gugs that space industry should have L| a cor- 
respondingly greater abi li (y to a bsorb useful- 
ly the technology investment" It 
recommends that for the next decade the 
NASA research and technology effort not be 
flowed to fall below 7 percent of the total 
NASA budget and thai these resources 
should be protected from shorn erm require- 
ments of major operational programs. 

The NRC report dted roefcet propoilsion 
development as the most serious area of 
deficiency in the space technology base t fol- 
lowed by technologies supporting piloted 
space Sight, Power, materials, and structures 
are next in priority with information systems, 
followed closebehmdbysensors. The report 
argues that the minimum funding to help im- 
prove the level of space technology would re- 
quire a $530 million annual increase over the 
SI71 million 1987 research and technology 
"budget; The NRCs pre&rrfcd program 
would call for a total annual increase of $970 
million per year. This recommended find- 
ing, which does not include NASA personnel 
costs, is shown in figure 6-3. 

NASA 

NASA has recognized the need to revital- 
ize its technology base, and in 1987 began a 
£773, 1 million, five-year Qvilf an Space Tech- 
nology Initiative (CSTT) which has the goals 
of "revitalizing tiie Nation's civil space tech- 
nology capabilities and enabling more effi- 
cient, reliable, and less costly space 
transportation and Earth orbit operations." 
The CSTI consists of 10 categories of 
hardware development, leading to 
demonstrations of actcaU hardware, CSTI is 
organized into sin programs within NASA's - 
Office of Aeronautics and Space Technology, 
This effort is meant to reverse NASA's tradi- 
tional process of using specific projects to 
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generate new technology. Instead of usiog in- 
dividual high-risk projects to develop the 
technology needed to support specific mis- 
sions, NASA now wanes to first develop new 
generic technologies from which it can pur- 
sue projects having lower cost and technical 
risk? 

About $1 15 million was approved in fiscal 
year 1988 for this effort. An additional 5I56J* 
million has been requested for fiscal year 
1939, broken down into the six major areas 
(table 6-1), This requested CSTl funding 
wouJd increase the share of the NASAbudget 
going to research and technology from two 
percent to Z6 percent. 
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NASA^s technology development general- 
ly emphasizes human flight In the fiscal year 
1989 budget, NASA is also requesting S100 
million to begin the new Pathfinder 
program, which wiH develop technology for 
possible future piloted lunar and Mars mis- 
sions {table 6-2), When CSTT and Pathfinder 
funding are combined, NASA's budget re- 
quest represents S256.8 million in new tech- 
nology funding or 2J25 percent of a greatly 
increased NASA budget request. 
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Air Force 

The most significant Air Force attempt to 
improve tbe technology base is the Focused 
Technology Program wbidi is an integrated 
DoD/NASA effort ftinded within the ALS 
program. The intent of liieFoaisedT-ecbnol- 
ogy Program is to highlight the technologies 
most relevant to ALS development Tablets 
3 lists technology development projects how 
in progress, showing their application to 
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ELVs, the Shuttle, or both. They are ranked 
in order of their importance to the ALS 
program, as assessed by the ALS program of- 
fice. Table 6-4 shows anticipated annual 
funding requests for the ALS Focused Tech- 
nology Program. Funding for each technol- 
ogy element is split between the Air Force 
and NASAbudgets, with thepercentagevary- 
ing. 

Space Transportation Architecture Study 
(STAS) 

Perhaps the most comprehensive data 
available on the state of the Nation's space 
transportation technology base is contained 
in the STAS documents. The STAS effort 
first identified technologies that might be 
available by the mid-1990s and then matched 
the technologies with types of launch vehicles 
they would benefit It developed a plan for 
investing in both generic and specific tech-. 
nologies designed "to achieve low operations 
cost, robustness, flexibility, and world leader- 
ship in space transportation." 8 The STAS 
technology plans contain recommended 
funding levels, milestones, system payoffs, 
and technology goals. The program would 
cost $5 to $6 billion over 10 years, with S3 to 
S4 billion required for the first 5 years. 

National Commission on Space 

The National Commission on Space stated 
that a space research and technology program 



should properly be conceived as generating 
future opportunities, not directed to specific 
applications. It did, however, emphasize 
some specific areas of space technology that 
would support the broad agenda of the Na- 
tional Commission on Space. These include 
technologies for: 

o space science (e.g. sensors, propulsion); 

•piloted spacecraft (e.g. life support, ex- 
pert systems); 

• nuclear space power (e.g. radioisotope 
thermoelectric generators, multi- 
megawatt reactors); 

• space transportation (e.g. Earth-toof bit 
and.electrTc propulsion); and . 

• space industry (e.g. communications, 
remote sensing, space manufacturing). 

The Commission also observed that 
NASA's armual funding of space research ' 
and technology fell from a high of about $900 
million (constant 1986 dollars) in the mid-~ 
1960s to less than $200 million annually since 
the mid-1970s. The Commission recom- 
mended a tripling of NASA's technology 
budget from 2 percent to 6 percent of NASA's 
total budget, about where it was during the 
Apollo era. Based on OMB projections of 
NASA's budget, over 10 years at about $10 
billionperyear, this amounts to arecommen- 
dation for tripling space technology funding 
from about $2 to $6 billion over the 10-year 
period. 



SUMMARY 



Many Government and aerospace industry 
officials have expressed dissatisfaction with 
the current space transportation technology 
base. Although OTA has not carried out an 



independent assessment of the Nation's tech- 
nology requirements for space transporta- 
tion, clearly many launch systems explored in 
this special report would require advances in 



8 U.S. Department of Defense and National Aeronautics and Spate Administration, Joint Steering Group, National Spare Transnnna- 
i""> »nd Support Study. Summary Report, May 1986, p. 22. 



9 U.S. National Commission on Space. Pioneering the Span; Fmntirr, (New York: Bantam Boots. May 1986), pp. 95-106. 
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several technical disciplines, including towards specific applications and more long 

propulsion, materials, and automated range basic research and development. Ai- 

manufacturi ng and checkout. though focused research may provide impor- 

, ,„.,,,. , tant near-term results, basic research and 

As the Nation s plans for advanced space devel t ^ ovide the broad technol . 

transportation research mature, it will be ex- ^ ^ ^ ^ Nation tQ itaUze 

tremelymportanttomatntamabalancebe- * technologica i opportunities, some 

tween focused technology efforts directed ^u^^^yTobc^Lovm^y. 
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Chapter 7 

Costs 



INTRODUCTION 



This chapter compares estimated life-cycle 
costs of using the options described in chap- 
ters 2-5 across a range of demand levels. 
These estimates do not include the veiy sub- 
stantial costs of payloads and upper stages, 
which can be several times more costly than 
the vehicles that launch them. 1 These costs, 
as well as those of launch systems, must be 
reduced to foster economy, affordability, and 
growth of space activity. 

In conducting its analysis of the costs of 
space transportation system hardware, 
facilities, and services, OTA relied initially on 
data and estimation methods developed by ■ 
the Boeing Aerospace Company for the 
Space Transportation Architecture Study 
(STAS) and the Advanced Launch System 
(ALS) program. These initial estimates were 
adjusted to include OTA's estimate of failure 
costs, cost risk, and reliability. A detailed 
description of the cost estimation methods 
used to derive the figures contained in this 
chapter can be found in appendix A 

The cost-estimating formulae used by 
OTAweie reviewed by NASA the Air Force, 
Boeing Aerospace Company, General 
Dynamics, Hughes Aircraft Company, Mar- 



tin Marietta Denver Aerospace, McDonnell 
Douglas Corporation, Rockwell Internation- 
al Corporation, and United Technologies 
Corporation. These reviewers suggested im-. 
portant additions and corrections, and two 
suggested alternative formulae for estimating 
the costs of developing, producing, and 
launching the launch vehicles considered. 
OTA produced alternative estimates of life- 
cycle cost based on the formulae proposed by 
two of the reviewers; the section below on . 
"Alternative Cost Estimates," shows the ran-* 
ges spanned by these formulae and the OTA 
estimates derived from them. 

Estimates of costs of launch vehicle 
development and operations are necessarily 
uncertain because development can take 
longer and cost more (or less) than assumed, 
or demand might grow more slowly (or in- 
crease more rapidly) than assumed. For this 
reason, OTA cannot assure the accuracy of 
the estimates contained in this chapter. 
However, OTA does maintain that the es- 
timates are reasonable given the stated 
ground rules and assumptions, and that the 
methodology used here is representative of 
the state of the art 



ESTIMATED COSTS OF OPTIONS 



1H Baseline 



To give the reader a basis upon which to 
compare the options discussed in this report, 
OTA defined a "Baseline" (in chapter 2). 
The Baseline features current vehicles 



launched at rates limited only by the con- 
straints imposed by existing manufacturing 
and ground facilities. Limiting the Baseline 
to existing facilities means that it could not 
even fly al! the missions in the Low-Growth 
mission model. Although the Baseline might 



1 Some spacecraft tail several hundred thousand dollars per pound; i . . , I m l 

Cn;diMliC f , gor !g hOp . Eieoiiive Summary (Washington, DC: National Security Industrial Association, 1937), fig, 3,7,3, 
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Box 7-1. — Cost Components 

Life-cycle cost-appropriately discounted to reflect risk and opportunity cost— is the most important 
cconomiccriterion by which to compare different launch vehicle architectures. For each mission model ex- 
amined here, the option that has the lowest discounted life^cycle cost would be most economical, if the as- ; 
sumed discount rate were appropriate and if the required funding were available. However, the most . 
economical launch architecturcBught be deemed unaffordabte if « would rajmreTnorespeno^ in apjuv — 
ticular year'than the l&cutiyewbnldbuti^ccilh^ 
:pc&: Tohd^ 
d^jaSystieirfancUogprof^ 
("then-year") dollars are exhibited in appendix B. .....:: ;;y-;::^ 

s: ofde^D,-dcwl6pmenfet 
stniffiqnandfqnippipgiof fa'oliliefc TfelwJri^TOstemciode^ ~ 

prcductiorfof expendable veliiclc^eois.ls well as expected costs of £auSirt& Expected costs of failures 
are calculated from estimates of vebicle reliabilities and estimates of (he costs that would be bcurredin the 
cveDt?fa'faUure(seebox7-2, a Fafl^ .-- . "*'■":"•. 

"lii general, carb/aon-wcuTTJnginvcstmE^kx^ 
"<oas'b(rfw^investmmt and sa^mgsa^^ 
and ■Ont-Year' Costs.'! '--< _" . - .-.=t-= - .- :. ." . r-^i^z:'- — 

■ ^Cosf:rBVfe;fflchided in soriieof toe c<& estimated cpu^-here, CoSreivTOsidefihetf ih"the.Spa'ce!= 

(discounteait 5 percent) that tie eamiatorexpccu would be exceeded wir^j^abutyof 30 percent, as- >% 
sumuig certain greundrulcs are met. Basically, cost risk is ujtecded to Kpreseni'llelyTnCTe.iscs in life-cycle " 
cost caused by unforeseen difficulties in technology development facility construction,' etc' However, cost 
psfc-as ? e !™?d " in the STAS does not jbdadeTists of cost growth due to rjussioor cancellations, funding 
stretch-outs, or standdowns after failure, which wer: excluded by the grpuiidrules of the study. ..The cost 
risk wtiGUtes by OTA alio exclude risks of mission cancdklions, fonding'stretch-outs, and standdowas 
after fannies; estimation of these ruksTifB logically consisted: manner^B require more sophisticated ^ 
• mettodsthairwere usedtef e, orinuteSTASi However, OTA'S cost nslre^inatcs'JoinclffcS '^n4fc oW 
greater-ft2n-expcctcdfailu.-ettsts'(seebc*7^ ■-_"-_LZ>"" -. - '-T^- ■"■;■: 

Because cost risk is defined in terms of life-cycle cost and not annual cc<cost risk is excluded from the ;" 
funding profiles in this chapter but includedin the histograms comparing He-cycle cost. Cost risk is also 
excluded from the estimates of savings on page 75, because all optionsuse common vehicles {Shuttle, Titan 
rv,^and MLV) and facilities, and their cost overruns (if any) maybe correlated. Of A has not attempted to 
estimate ; these correlations arid their resultant savmgs in oist risk. 
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be adequate forthe near-term-representing 
growth from 1985 launch rates in all 
categories (piloted, light cargo, and heavy 
cargo) -29 of 161 post-1999 heavy cargo mis- 
sions in the Low-Growth mission model 
would have to be cancelled. Because 
Baseline vehicles and facilities cannot launch 
all the missions in the Low-Growth mission 
model, its life-cycle cost for doing so cannot 
be calculated. 



Enhanced Baseline Option 

The Enhanced Baseline Option features 
an improved Shuttle with advanced solid 
rocket motors (ASRMs), improved Titan IVs 
with new solid rocket motors and fault- 
tolerant avionics, MLVs, and an extra Titan 
IV pad to handle the peak Titan IV launch 
rate in the Low-Growth mission model (16 
per year). 
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Box 7-2. -Failure Costs 

Expected launch vehicle failure costs are the product of the expected failure frequency (calculated from 
vchiclcrcliability estimates) and thecstimated failuiecost per vehicle (basedon historical experience). Cost 
per failure will generally include cost of accident investigation and corrective action. It may include costs 
of replacing and rcflying lost payloaaXreplacuigrfi^Dle vehicle components, and delays pending comple- 
tion of accident investigation:' ' -. . 

In the Space Transportation Architecture Study (STAS), operations costswere estimated assuming that 
operations would be continuous (Le. no •standdowns 1 ), and failure costs were estimated assuming that all 
lost payloads would be replaced and rcflowa. .>TOe;samc assumptions were'made in this report. Accident 
investigation, costs were included, but Umnch.opmttions.weTe not assumed 'to be suspended pending their 
completion. To assume that a fleet would stand down pendingcompletion of aeddeof investigation reqaires ; 
that lie opportunity costs of dela)ing mission.? be estmiateA Mbreow, sicce some missions wonldbe can- 

. celled as a result of the delay.life-cycle costs wquiajavcto <^de'missTons3C*ndwrL" r: -: 

in addition to calculating ejgKflsd Taiiure costs, OTA has estimated the expected statistical variations : 
in failure costs. One measure of such, variations* the standia deviation of failure costs. A related 
meitsule . l : ?.tin«s the standard deviation, is .^difference between thocxpected failure cost and tft^.'^hii'-"- 
perccntile of failure cost, te. the excessfailure costTvhicn would be err«eded with a probability of only 30- 

■ **'***■ y^ $ "^ f ^ e ^ b ^enmUodedinOTA'sc5tima:^ 
as-definecT.iri.the STAS. For a more detailed ^scussoriM l&'ccAesSma'^ 
WKreport.see appendix A. . ■" •-•■"",. ' .'. . ;,.... -.-....: 



Enhanced Baseline Option costs are es- 
timated drily for the Low-Growth mission 
model. To fly all missions in the Growth mis- 
sion model, which has a peak Titan IV launch 
rate of 30 per year, would require about five 
new Titan IV pads. As noted in chapter 3, 
about .14 new Titan IV pads would be needed 
to launch 66 Titan IVs per year in the Ex- 
panded mission model. Because existing 
launch sites could accommodate at most four 
new Titan IV pads, 2 and construction of the 
facilities infrastructure for an additional ten 
pads would represent a radical rather than in- 
cremental change in launch facilities and 
operations, we assume that the Enhanced 
Baseline Option — conceived as an evolution- 
ary enhancement -could not accomodate 
Growth or Expanded peak launch rates. 

Figure 7-1 shows the estimated funding 
profile in 1988 dollars for the Enhanced 
Baseline Option sized for the Low-Growth 
mission model. The funding profile is rela- 



tively flat Forty to fifty percent of the annual 
expenditure is for failure costs;'about half of 
the rest ($13B per year) is the fixed cost of 
improved Shuttle operations. 3 The second 
largest contributor is the incremental cost of 
improved Titan IV launches ($95M per 
launch). The fixed cost of Titan IV opera- 
tions and the incremental cost of improved 
Shuttle launches are relatively small. There 

Figure 7-I.-Funding Profile for Enhanced Baseline 
Option 
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^Thk ifidudaoae launch pad « Vwdenberg Air Race Batons at Cape Ctaavtrai Air Force Station, axftmj at Kennedy Space 

™, A ?'!!f! "K"" 10 ' 15 "SB h™ « variable component, which depends on the number of launches during the year, and a fiied com- 
poncnt, wtoch does not. In this special report, total (fixed plus variable) annual opera.™ costs arc deSed* ^Srrint c«£ 
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is a barely noticeable hump of development 
and facility construction costs in the early 
1990s. Because fixed costs are such a large 
fraction of total annual costs, total annual 
costs increase only about 50 percent as the 
combined-fleet launch rate doubles between 
1989 and 2010.; 

The funding profile for the Enhanced 
Baseline Option-and all other options dis- 
cussed in this chapter- includes expected 
failurecostsbutnotcostrisk. The analysis as- 
sumes that operations would continue after 
failures. Appendix A describes the cost es- 
tiraationmethodologyand other assumptions 
in greater detail 

Table 7-1.— Cost Summary— Enhanced Baseline 
Option 




Interim Option with Titan IV 

The Interim Option with Titan IV assumes 
that the United States could build as many 
newTitan IV launch facilities as are necessary 
to accomodate the peak launch rate for each 
mission model Note that here, and in the op- 
tions that follow, OTA has named the option 
according to the largest cargo system in the 
option. Although each option actually sup- 
ports a mixed fleet of vehicles, this option, for 
example, includes existing facilities and 
launch vehicles that are now operational or in 
production (the Shuttle, Titan IVs with new 
solid rocket motors, and MLVs). 

Figure 7-2 shows estimated funding 
profiles for this option for all three OTA mis- 
sion models. The funding profile for the 



Low-Growth mission model is relatively flat, 
with expected failure costs consuming almost 
half the annual expenditures, and with fixed 
costs of Shuttle operations taking up almost 
half of the remainder. The second largest 
contributor is the incremental cost of Titan 
IV launches {S100M per launch). The fixed 
cost ofTitan IV operations and the incremen- 
tal cost of Shuttle launches are relatively 
small. There is a barely noticeable hump of 
facility construction costs for the Low- 
Growth model and greater increases in the 
Growth and Expanded mission models, but 
no development costs. As in the Enhanced 
Baseline Option, fixed costs are a large frac- 
tion of total annual costs, therefore total an- 
nual costs '"hardly change as the 
combined-fleet launch rate doubles between - 
1989 and 2010 in the Low-Growth mission 
model and only double as the launch rate 
more than quadruples -and as the heavy 
cargo launch rate increases tenfold -in the 
Expanded Mission Model. 

This option assumes that additional on- 
shore or off-shore Titan IV launch sites can .. 
be found that are acceptable in terms of ■ 
safety, security, and environmental impacts 
and risks, and that these pads can be built at 
a cost comparable to the cost of new Titan IV 
pads at Vandenberg Air Force Base or Ken- 
nedy Space Center. This assumption is most 
critical for the Expanded mission model, 

Figure 7-2.-Fnnding Profiles for interim Option 
with Titan IV 
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Table 7-2. -Cost Summary- Interim Option with Titan IV 
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Low Growth 

S87B 

J150B 

JS.7B in 2005 
: :$22Bui20i6. 



Growth 
S100B 
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$llBin20tO 
:$29Bin2010 



Expanded 

S150B 

S17Bin2005 
$45Bin2010 



whicb will require the most new sites. OTA 
has not examined the reasonableness of these 
assumptions, but, as mentioned in the En- 
hanced Baseline Option, we note that there 
is little room at Vandenberg for expansion. 

Interim Option with Titan V 

The Interim Option with Titan V features 
theTitany-aproposed heavy-lift (100,000- 
pound class) launch vehicle derived fromthe 
Titan IV; it also includes unimproved Shut- 
tles, MLVs, unimproved Titan IVs (until 
Titan Vs became operational in 1996), and 
additional launch facilities as required to fly 
all missions. 

Figure 7-3 shows the estimated funding 
profiles for the Interim Option with Titan V 
in the Low-Growth, Growth, and Expanded 
mission models, in fiscal year 1988 dollars. 
The investment costs are comparable to those 
of the Interim Option with Titan IV. Titan Vs 



could use converted Titan IV pads. This 
analysis assumes that for $500M all Titan IV 
pads could be modified to launch Titan Vs at 
a maximum annual launch rate of 12 per year, 
the assumed current maximum annual Titan* 
IV launch rate. 

The out-year costs, also comparable to 
those of the Interim Option with Titan IV, are 
attributable largely to the incremental cost of 

Figure 7-3— Funding Profiles for Interim Option . 
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Titan V launches, which is estimated as 
S160M per launch -60 percent greater than 
that of Titan IV, although 20 percent fewer 
launches would be required to fly payloads 
off-loaded from Titan IVs. The fixed annual 
cost of Titan V launches is also estimated to 
be substantial -about S270M per year, as 
compared to S200M per year for Titan IV. 

Interim Option with Shnttle-C 

The Interim Option with Shuttle-C fea- 
tures the expendable Shuttle-C cargo vehicle 
proposed by NASAand includes unimproved 
Shuttles, MLVs, unimproved Titan IVs (until 
Shuttle-C is operational in 1995), and addi- 
tional launch facilities as required to fly all 
missions. Figure 7-4 shows the estimated 
funding profiles for the Interim Option with 
Shuttle-C in the Low-Growth, Growth, and 
Expanded mission models, in 1988 dollars. . 

These profiles show a modest early hump 
of investment in Shuttle-C development - 
$L2B over 6 years— and construction of ad- 
ditional Shuttle pads, which Shuttle-C could 
use with minimal modification (not costed 
here). They also show high annual costs in 



Figure 7-4. -Funding Profiles for Interim Option 
with Siiuttie-C 




the out-years, especially at high cargo launch 
rates. The high annual out-year cost is at- 
tributable primarily to the high estimated in?, i 
elemental operations cost of Shuttle-C: - 
about $235M per launch,3ess savings realized 
by using depreciated Space Shuttle Main En- 
gines (SSMEs), which NASA will no longer 
.fly on the Shuttle. 5 By replacing. Titan IV, -. 
Shuttle-C launches would outnumber Shuttle 
launches in all the mission models, so savings 
from flying depreciated SSMEs would be 
small. In the out-years of OTA's mission j 
models, the estimated incremental cost per = 
Shuttle-Cflight would exceed fourfold that of ' 
Shuttle, twice that of Titan IV, and sevenfold 
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Box 7-3. -Shuttle-C Low-Laurtch-Ratc Option 

At only three launches a year. Shuttlc-C could amplify and improve Space Station assembly by launch- 

uiEOUtOtted Space Station modules too heavy for the Shuttle or Titan 1 Vs to carry. It could provide teduh- 

dant m f?? of wunching heavy cargo and hecce. increase operational flexibility! OTA. has estimated Uie : -' 

costsof ^g^^f roa^^hnn^iyt^^ t i mtWdiis ] nsTm rVs and toeShuille fleet ! 

. for oUier traffic. CTA assumed that iceachyear after 1994: ■ , :.: 
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TfaioprtoR would re^ more mvesta^ 

: %££% S^T^SM? *!§# u -S'l^-^.lauoeh vehide>Jt touldproviof meM ' 



^m^ : .^^~§. '^-^E^fiS¥S% 


. 'Cost SDrniriary 






•life-cycle cost in pyf^S 
- discounted 5% pe* yean • 

" - iw<iiscbiiii(eci; ' 
Peak funding n)|e 


; : : 187B 


■^"'Growth' y 

.;;jiooB; 

..S180B. ._,... 


Candid ' •• 


'-mFV88$'per.year 
-in current $ per year ''• '{--■':■ ' :":■.■ 


/."--••.•• : : A'sd2Bii2Qoy • 


$10B in 2010 


S16B in 20(15 
$42Bbi20J0 


$21Bin2fllO 


S27Bm2010 


.■ -e^a 'nonrecurring cost-'.-;-. .....;....;..-; 

: •••- extra lifc-cvele cast^-A-^^. 


•S460M 


;:4900M 
" S690M 


■ $900M S : : •■•;;- 
S1.7B 



that of the Advanced Launch System. 7 Most 
of the costs are not engine-related; they in- 
clude the costs of the payload module ($55M, 
including payload cradles), the boattail in 
which the engines are mounted ($55M), and 
other parts (S56M, including an external 
tank). No costs of using, recovering, and 
refurbishing Orbital Maneuvering Vehicles 
(OMVs) for docking Shuttle-C to the Space 
Station are included. 



In this option, Shuttle-C is assumed to be 
the Nation's primary heavy cargo vehicle; this 
contrasts with NASA's proposal that Shuttle- 
C be used only for a few selected missions, 
such as Space Station deployment. NASA 
concedes that an expendable Shuttle-C 
would not be economical at high launch rates; 
partially reusable versions, which have been 
considered by NASA and the Air Force, 
might be. The box "Shuttle-C Low-Launch- 
Rate Option" estimates costs for an option in 



7 See appendix A. 
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which Titan IVs would launch most heavy 
cargo, and Shuttle-C would be launched only 
three times per year beginning in 1995. This 
option is less expensive than the Interim Op- 
tion with Shuttle-C and competitive with the 
Interim Option with Titan IV. At essentially 
the same life-cycle cost of the Titan IV op- 
tion, Shuttle-C could simplify Space Station 
assembly by launching outfitted Space Sta- 
tion modules too heavy for the Shuttle or 
Titan IVs to carry. Hence Shuttle-C appears 
economical for selected missions (i.e, Space 
Station module launches) but does not com- 
pare well as the principal U.S. heavy-lift 
launch vehicle. 

Interim Option with Transition Launch 
Vehicle 

The Interim Option with Transition 
Launch Vehicle features, aproposed partial- 
ly reusable unpiloted launch vehicle with 
recoverable engines that burn liquid 
hydrogen and oxygen; for reliability, it uses no 
solid-fuel engines. The option also includes 
unimproved Shuttles, MLVs, unimproved 
Titan IVs (until they are superseded by Tran- 
sition vehicles in 1996), and additional launch 
facilities as required to fly all missions. 
Figure 7-5 shows the estimated funding 
profiles for the Interim Option with Transi- 
tion Launch Vehicle in the Low-Growth, 
Growth, and Expanded mission models, in 
1988 dollars. 



Figure 7-5. — Funding Profiles for Interim Option 
with Transition Launch Vehicle 




These profiles show higher and longer in- 
vestment humps than for Shuttle-C, but very 
little growth in out-year costs, even while 
launch rates double (in the Low-Growth mis- 
sion model) or more than quadruple (in. the 
Expanded mission model). Although the in- 
itial investment is greater for this launch op- 
tion, its life-cycle cost is relatively low. 
Average launch cost (life-cycle^ cost divided 
by total number of launches) is especially low 
at- high launch rates, because it is assumed 
that the early investment has resulted in very " 
low incremental costs ($54 M) for launches. 

Advanced Option with Advanced Launch 
System 

This option features the Advanced Launch 
System design proposed by Boeing 
Aerospace Company for launching large 
cargo payloads economically at high launch 
rates. It also includes the Shuttle, MLVs, 
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Tabic 7-5.-Cost Summary— Interim Option 
with Transition Launch Vehicle 
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unimproved Titan IVs (until replaced by the 
Advanced Launch System in 2000 8 ), and ad- 
ditional launch facilities as required to fly all 
missions. 

The Advanced Launch System program 
lias not yet selected a vehicle design, but 
designs currently under consideration in- 
clude vehicles capable of launching pay loads 
substantially heavier than 50,000 pounds. 
The cost estimates quoted in thissectionrefer 
to a partially reusable vehicle featuring a 
flyback booster burning liquid oxygen and 
hydrocarbon propellants; a core stage with 
expendable tanks and payload fairing; and a 
recoverable payload/avionics module with 
engines that burn liquid oxygen and 
hydrogen. OTA's selection of this vehicle for 
purposes of cost estimation should not be 
construed as an endorsement of this par- 
ticular configuration. OTA did not examine 
all' proposed vehicles. 

Figure 7-6 shows thi estimated funding 
profiles for the Advanced Option with Ad- 
vanced Launch System in the Low-Growth, 
Growth, and Expanded mission models. 
These profiles show substantial investment 
humps even for the Low-Growth mission 
model, but low out-year costs that grow little 
with increasing heavy cargo traffic. Com- 
pared to the Shuttle II option, the Advanced 



Launch System option is much more 
economical because its new vehicle is op- 
timized for carrying heavy cargo to orbit, not 
for piloted sorties or return of cargo. 

This analysis makes the key assumption 
that the incremental cost of ALS operations 
will be $33M per launch— much lower than 
that of Titan V ($160M) or Shuttie-C (about 
S235M), and just under 1/3 that of Titan IV 
(S100M). The ALS program is required by 
law to seek to lower recurring launch cost 
per pound byafactor of ten compared to cur- 
rent ELV launch costs, which were assumed 
to "be about $3000 per pound to low-Earth 
orbit in 1987 dollars. An ALS launch vehicle 
must be able to lift 110,000 pounds to low- 
Earth orbit to fulfill this goal if its incremen- 

Figure 7-&— Funding Profiles for Advanced Option 
with Advanced Launch System 
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8 Boein; assumed an initial launch capability of 1WS; OTA consider 2000 more plausible AsrastiMtyanafysis indicates that Iterant 
order of option costs is insensilive to the change. 

9 Public Law 100-180, Department of Defense Authorization Act, 1988/1989, Sec. 756 (101 Stat. 10M). 
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tal launch cost is S33M per launch. However, 
it is unciear that there would be many 
payloads or feasible combinations of 
payloads that large. As a result, actual cost 
savings could be much smaller than the 
theoretical maximum savings. 

The uncertainties in estimates of Ad- 
vanced Launch System costs are particular- 
ly high because of the uncertainty about 
which vehicle configuration would he 
selected. To indicate the impact of selecting 
a different configuration on the cost of this 
option, OTA also estimated the cost of an Ad- 
vanced Launch System featuring an expend- 
ablelaunch vehicle withalowerdevelopment 
cost, no cost of procuring reusable elements, 
a lower fixed annu al operations cost, but a 
higherincrementalcostperlaunch. OTAas- 
sumed this option would be available earlier 
(1996 v. 2000) at lower cost risk. Its payload 
deployment- reliability is-estimated .to. be . 
slightly lower, but it need not be recovered 
and therefore has no risk of failure during 
recovery! This and other cost estimates, are 
discussed in the section on "Alternative Cost 
Estimates." 

Advanced Option with Shuttle II 

The Advanced Option with Shuttle II fea- 
tures a proposed fully reusable piloted launch 
vehicle derived from the current Shuttle. Al- 
though Shuttle II is not a firm concept, this 



analysis assumes thai it can carry payloads 
comparable to those carried by the Shuttle 
and that it will replace the Shuttle in the year 
2000. This option also includes unimproved 
Titan IVs, MLVs, and additional launch 
facilities as required to fly all missions. 

Figure 7-7 shows the estimated funding 
profiles for the Advanced Option with Shut- 
tle II in the Low-Growth, Growth, and Ex- 
panded mission models. Each profile shows 
a prominent hump of spending for Shuttle II 
development and facilities froml994 to 1999. 
These calculations assume that expenditures 
for Shuttle II development and facility con- 
struction would be delayed until 1994 and 
completed in 1999 so that Shuttle II could be 
launched in 2fl00. Shuttle II could use con- 
vertedratherthannewpads. This analysis as- 
sumes that for SIB all Shuttle pads could be 
modified to launch Shuttle II vehicles at a 



Figure 7-7.— Funding Profiles for Advanced Option 
with Shuttle II 
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maximum combined annual launch rate of 16 
per year, the maximum Shuttle launch rate 
sustainable with current facilities, in Boeing's 
estimate. 10 The profiles for the Growth and 
Expanded mission models show smaller 
humps of earlier spending (1989-1994) for 
Titan IV launch facilities. 

Compared to the Interim Options with 
Titan IV or Titan V, the out-year costs of the 
Shuttle II option are lower, because the fixed 
annual operations cost of Shuttle II would be 
much lower than that of the Shuttle, which it 
would replace, and the expected failure cost 
of Shuttle II would be lower because it is ex- 
pected to be more reliable than the Shuttle. 
Annual operations cost would be reduced by 
the same amount in all three mission models, 
because the mission models differ onfy in 
launch rates for heavy cargo vehicles. 



Although OTA's analysis assumes Shuttle 
II to be much more economical than the cur- 
rent Shuttle, the Advanced Option with Shut- 
tie II would not be as economical as other 
options, because of the predominance of 
cargo traffic in OTA's mission models. Only 
the Sbuttle-C option would be more expen- 
sive. If demand for piloted flights were to in- 
crease and demand for cargo launch were to 
decrease, the Advanced Option with Shuttle 
II could become more economical than the 
other options considered here. In tiny case, 
sometime early in the next century, (he cur- 
rent Shuttle will begin to exceed its useful 
lifetime or will become ' obsolete.' At this, 
point, a replacement for the current Shuttle 
will be necessary whether or not itis competi- 
tive at launching cargo with then existing or 
planned cargo vehicles. 



COMPARISONS 



Cost Comparison 



The histogram in Figure 7-8 compares the 
expected life-cycle cost and cost risk of each 
option in 1988 dollars discounted at 5 per- 
cent, for the Low-Growth mission model. 
The bottom portion of each bar represents 
the expected life-cycle cost, excluding failure 
costs. The middle portion of each bar repre- 
sents the expected cost of failures. The top 
portion of each bar represents the cost risk. 
The figure shows that at Low-Growth launch 
rates, no option promises savings with con- 
fidence, and that cost is relatively insensitive 
to choice of option. Figures 7-9 and 7-10 are 
similar comparisons for the Growth and Ex- 
panded mission models, respectively. Figure 
7-10 shows that in the Expanded mission 
model, clear-cut savings are possible with 



some options, while other options would be 
wasteful That is, cost is more sensitive to 
choice of option at Expanded launch rates 
than at Low-Growth launch rates. 

Figure 7-11 is a superposition of figures 7- 
8, 7-9, and 7-10, showing the sensitivities of 
cost to mission model as well as to choice of 
option. 

These cost comparisons suggest the follow- 
ing conclusions: 

• Low Growth: If the future U.S. space 
program resembles the Low-Growth 
mission model considered here, then it is 
not possible to distinguish meaningfully 
among the options examined. Uncer- 
tainties of cost estimation obscure the 
small estimated differences insavings be- 



10 NASA estimates a raamnum sustainable Shuttle launch rate of 14 peryeat; OTA's mission iMdeU assume no more than 12 Sbultic 
digits peryear. 

1 1 Tite cost risk in dollars is Use cost risk in parent, divided by 100, times the expected cost of the option- 
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Figure 7-8. - Cost Comparison - Low-Growth 
Mission Model 



Figure 7-9.— Cost Comparison -Growth Mission 
Model 
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Figure 7-10.— Cost Comparison -Expanded 
Mission Model 
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tween the options. In short, at Low- 
Growth launch rates, life-cycle cost is in- 
sensitive to choice of option and is 
unlikely to be reduced significantly by 
any option OTA considered. Develop- 
ment of a new cargo vehicle would, 
however, present an opportunity to in- 
crease the reliability of cargo delivery. 12 
This would also increase the operational 
availability and resiliency of launch sys- 
tems without requiring that downtimes 
after failures be reduced. It would in- 
crease the probability of access to space 
and hedge against a greater than ex- 
pected growth in launch demand in the 
late 1990s. If continuation of piloted 



Enhwwrt Tttn IV r&nv Shuttle TarttiSoi fiis ShuB^I 



spaceflight were of paramount impor- 
tance, a Shuttle II might be appropriate. 

■ Growth: If the U.S. space program ex- 
pands to resemb'e the Growth mission 
model, then Transition Launch Vehicles 
would seem to be the best choice. The 
other options -except use of Shuttle-C 
as the primary cargo vehicle— would be 
economically competitive, though here 
again estimated differences in savings are 
obscured by uncertainties of cost estima- 
tion. The Transition Launch Vehicle or 
Advanced Launch System options could 
maximize the reliability of cargo delivery. 



\1 increases in reliability are limiied by probabilities of human error ami catastrophic component failures not avoidable through redun- 
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• Expanded: For a greatly expanded 
launch demand, the Transition Launch 
Vehicle option or an Advanced Launch 
System would be appropriate. These op- 
tions have the lowest estimated life-cycle 
costs, and their primary cargo vehicles 
are intended to provide greater 
reliability of cargo delivery. 

Trade-Offs Between "Up-front* and "Oot- 
Year' Costs 

In addition to choosing which technologies 
and launch vehicles to pursue, Congress must 
also determine the most appropriate plan for 
funding these capabilities. Much has been 
written about how restrictions on the ."up- 
front" Shuttle development costs resulted in 
the current high operations costs. 13 The Ad- 
ministration and the Congress now face 
similar trade-offs between' reducing the up- 
front costs of developing the next generation 
of launch vehicles and facilities reducing the 
"run out" costs of operating them. One way 
toillustrate the trade-offs available is to show 
the potential savings, relative to that of a 
reference option, obtainable by investing in 
development, facility construction, and fleet 



procurement for the other options. For each 
mission model, table 7-8 shows the expected 
investment required to fly all missions with 
each option and the expected potential 
savings in discounted life-cycle cost relative 
to the Interim Option with Titan IV. Cost 
risk is not included in the calculation of life- 
cycle costs. 

The table shows that at Low-Growth traf- 
fic levels, the Transition Vehicle, Enhanced 
Baseline, and Titan Voptions are expected to 
yield savings that are at most a small fraction 
of the cost risk of each option. The Enhanced 
Baseline Option is expected to have the 
greatest cost leverage (savings to investment ' 
ratio). Some options would require greater 
investment and save less money, if any. At 
traffic levels reflective of the Growth model, 
the Transition Vehicle, Titan V, and Ad- 
vanced Launch System options are all- ex- 
pected to yield savings. At the high cargo - 
launch rates of the Expanded mission model, 
the Titan V, Transition Vehicle, and Ad- 
vanced Launch System options are expected 
to yield savings. Because estimates of cost 
and savings are both quite uncertain, small 
differences in the estimates should not be " 
regarded as meaningful. 



Cw2^t%,lf e I ^ dSi ° n <° Dm >°P«K Space Staufc-Sdbw. wl 2K, May I«* pp. mum NASA. 
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ALTERNATIVE COST ESTIMATES 



As noted earlier, the cost estimates quoted 
above are based in part on cost-estimating 
relationships (CERs) developed by Boeing 
Aerospace Company in the course of its work 
on the Space Transportation Architecture 
Study and the Advanced Launch System 
program, modified by OTA's and Boeing's 
estimates of reliability, failure cost, and cost 



risk. Two reviewers suggested alternative 
CERs, which in some cases, differ significant- 
ly from those provided by Boeing. Using 
these alternative CERs, OTA produced two 
alternative estimates of life-cycle cost. 

Figure 7-12 shows the range spanned by the 
nominal and alternative estimates of option 
life-cycle costs (including failure costs and 
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cost risk). Estimates for the Interim Option 
with Shuttle-Cat Expanded launch rates lead 
to the greatest cost discrepancy. Estimates 
for the Interim Option with Titan IV also 
span a large range at Expanded launch rates. 



The differences between estimates for most 
options are comparable to the cost risk of the 
option as estimated by OTA and Boeing (see 
figure 7-11). 



Figure 7-12.— Ranges of Estimated Costs 
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Appendix A 

Cost Estimation Methodology 



SOURCES OF COST ESTIMATES 



The nominal cost estimates quoted in chapter7 were 
derived by OTA using data, estimates, and estimation 
methods developed bytheBoeingAerospace Company 
for the Space Transportation Architecture Study 
(STAS) and the Advanced Launch System program. 
OTA adjusted Boeing's estimates of failure costs for 
consistency with estimates cf operations costs; OTA 
also estimated parameters not estimated by Boeing: 
cost risk (defined below) and reliabilities of 1) un- 
modeled systems (e.g. humans, weather) daring ascent 
and payioad deployment and 2) recovery of reusable 
vehicle systems. 

The cost-estimating formulae developed by Boeing 
and used by OTA were reviewed by NASA th 6 Air 



Force, and the major launch vehicle producers. Several 
reviewers suggested important additions or correc- 
tions, and two suggested alternative formulae for es- 
timating the costs of developing, producing, and 
launching some of the launch vehicles ^considered. 
Tables A-5 and A-7 summarize the formulas and the al- 
ternative suggestions. Using the alternative cost-es- 
timating formulae proposed by the reviewers, OTA 
produced two alternative estimatesofthelife-cycle cost 
of each option in each mission model. These are tabu- 
lated in tables A-6 and A-8, along with estimates of 
failure cost and cost risk estimated by OTA The ran- 
ges spanned by the OTA estimates and these alterna- - 
tive estimates are shown in figure 7-12, 



COMPONENTS OF COST ESTIMATES 



The major categories of costs are non-recurring and 
recurring costs. Non-recurring costs (investment) in- 
clude costs of system design, development, testing, and 
evaluation (DDT&E), launch facth'ty construction, and 
production of reusable flight hardware (e.g, Shuttle or- 
biters). Recurring costs include costs of planned 
operations and the expected costs of failures (including 
unplanned reflights). Table A-l shows the cost-es- 
timating relationships (CERs) used to estimate the 
costs of development, faculties, fleet procurement, and 
operations for each option. 

DDT&E, Facility, & Fleet Production Costs 

Incremental costs of new facilities are estimated as 
S150M per unit increase in annual launch rate 
capability above the current annual launch rate 
capability. This is roughly the cost of a new pad divided 
by the annual launch rate capability of a new pad. Ac- 
tual costs of facilities must be incurred in larger incre- 
ments - per pad, not per unit increase in annual launch 
rate capability. 

Because they could use converted rather than new 
pads, Shuttle II and Titan V are assumed to have lower 
incremental costs of facilities for the first several units 
of annual launch rate capability: about $63M and S42M, 
respectively, per unit increase in annual launch rate 



capability to 16 per year for Shuttle n and 12 per year 
for Titan V. More precisely, it is assumed that for SIB 
all Shuttle pads could be modified to launch Shuttle U 
vehicles at a maximum annual launch rate of 16 per 
year. Similarly, it is assumed that for SSQOM all Titan 
IV pads could be modified to launch Titan Vs at a max- 
imum annual launch rate of 12 per year. Additional, 
Shuttle D or Titan V pads are assumed to cost S150M 
per unit increase in annual launch rate capability. 

Non-recurring expenditures for DDT&E or 
faculties were assumed to be spread over a six-year 
period with4pcrcent of the undiscounted cost incurred 
in the first year, 13 percent in the second year, 23 per- 
cent in the third year, 28 percent in the fourth year, 22 
percent in the fifth year, and 10 percent in the sixth year. 
Spending on DDT&E for a vehicle ends theycar before 
the assumed date of its initial launch capability (ILC). 
Spending on facility construction ends the year before 
an increased launch rate capability is required to fly ail 
flights in the mission model. 

In many types of serial production, the cost of 
producing anadditional unit (the incremental unit cost) 
is lower than the cost of producing the previous unit. 
This effect is called the learning effect. The estimates 
of reusable element production costs in Table A-l as- 
sume no learning. 
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Operations costs 

Operations costs include costs of producing expend- 
able flight hardware (eg., Titan TVs) and costs of 
planned launch, mission control, and recovery opera- 
tions. The annual operations cost of an option is the 
sum of the annual operations costs of each fleet (type 
of launch vehicle) in the option. Annual fleet opera- 
tions costs are assumed to have a fixed component, 
which must be paid each year regardless of the fleet 
launch rate, anda variable component equal to the fleet 
launch rate times an incremental cost per launch. 

Operations costs were estimated using the cost-es- 
timating relationships in Table A-l, which approximate 
more detailed relationships derived by Boeing 
Aerospace Company using its proprietary Ground 
Operations Cost Model. The Boeing model was based 
on operations cost data supplied by NASA and the Air 
Force and expendable hardware cost estimates ob- 



tained from Boeing's proprietary Internal Parametric 
Cost Model. 1 

The cost-estimating relationships in Table A-l ap- 
proximate the annual operations cost of each fleet as 
the sum of a fixed annual cost and a variable cost which, 
except for Shuttle-C, is proportional to the number of 
launches during the year. The incremental cost per 
launch (sometimes, imprecisely, called the "marginal" 
cost per launch) is therefore constant, except for Shut- 
tle-C. The MLV and Shuttie-C fleets were assumed to 
have no fixed annual cost 

The incremental cost per launch includes the cost of 
producing expendable hardware. Because the in- 
cremental operations cost estimates in Table A-l are 
constant (except forShuttle-C), they reflect no rate ef- 
fect. Nevertheless, they reflect a decline to average 
unit cost as the production rate (mirroring the launch 
rate) is increased, because capital assets are more fully 



1 lie Boeing Internal Parametric Cost Mode! isa set of cost-estimating relationship! based on costs of Boeing products such as Satan; 
launch vehicles and the toertial Upper Stage. 
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utilized and their cost can be amortized over a larger 
number of units. 

Shultlc-C operations cost is a special case, because 
Shutlle-C vehicles are assumed to use fully depreciated 
(i.c. free) Space Shuttle Main Engines (SSMEs) when- 
ever they arc available. An SSME becomes available 
after it has been used on the Shuttle for a "lifetime" - 
the maximum number of flights NASA deems safe for 
piloted missions. This lifetime has varied, and may con- 
tinue to vary, in response to operational experience. 
Designed to have a 55-flight lifetime, 3 SSMEs have 
been qualified for only 20 flights, and NASA has indi- 
cated its intention to retire them after only 10 flights.'*' 5 
Boeing assumed a SSME lifetime of 10 flights (pre- 
1989),20flights(1989-l»5), and 40 flights (post-1995). 
Based on this assumption, Boeing estimated that the 
equivalent of four folly depreciated SSMEs would be 
available at the beginning of the OTA mission models 
(in 1989), and that eight additional fully depreciated 
SSMEs would be available by J395, the assumed year 
of initial launch capability (ILC) for Shuttle-C » 

Boeing assumed that when SSMEs are not available, 
new SSMEs will be purchased for Shuttle-C at an es- 
timated cost of S40M each. 'Without the SSME credit 
(which would be only $2M per flight in the out-years of 
the Low-Growth mission model, or S0.5M in the out- 
years of the Expanded mission model), the incremen- 
tal operations cost of Shuttle-C would be J236M per 
launch— over four times the assumed incremental 
operations cost of the currentShuttle,over twice the as- 
sumed incremental operaSoas cost of Titan IV, and 
over seven times the assumed incremental operations 
cost of the Advanced Launch System. Non-engine-re- 
lated incremental costs of Shuttle-C include $55M for 
the payload module (including payload cradles), S55M 
for the boattail, and S56M for other parts. No costs of 
using, recovering, and refurbishing Orbital Maneuver 
Vehicles (OMVs) for doclting Shuttie-C to the space 
station are included. 

Costs of Failures 

Operations costs estimated by OTA include ex- 
pected costs of failure. These are not included in the 
operations CERs of Table A-L, but must be calculated 
separatelyusingestimates of vehicle reliabilities andex- 
pected cost per failure of each type of vehicle. Costs of 
failure include costs of replacing the launch vehicle and 
payload, attempting to determine and correct the cause 

3 NRC, AagameritofOniiaiaintswiSoaKStiuntelaiiiidiKaimfWiKi.inp.Mi DC National Acadcnr/ Press, April 1983), p. 21 

4 DateD. Myeis, Deputy Administrator, NASA, letter to Roben K. Dawson, Associate Directorfor Natural Kssourees.Enerevaod 
Science, EOP, OMB, JanuaryM, 1983. 

5 As lifetime decreases, Shuttle costs rise sisd Shuttle-C costs lalL 

6 Y. Fujino, Biamcirika, vol. 67, no. i, 1980, pp. 677-681; CB. Blyth & HA. Still, Journal of the American Staiisiiral Association vol 
78, no. 381, March 1983, pp. 108-HS. 



of failure, and the costs of downtime (e.g., salaries and 
wages for launch vehicle and pavload operation and 
maintenance personnel). 

The expected failure cost per flight for each type of 
vehicle is the product of the probability of failure (in a 
single launch attempt) and the expected cost per failure 
for that type of vehicle. Multiplying this product by the 
number of flights to be attempted with that type of 
vehicle in a particular year yields the expected annual 
failure cost for that fleet in that year. Adding the ex- 
pected annual failure costs of all other fleets in an op- 
tion yields the annual failure cost expected for the 
option, which isacomponent of the funding profiles ex- 
hibited in chapter 7. It is also multiplied by a discount 
factor to obtain the discounted annual failure cost for 
the option. The discounted failure costs for each year 
in the mission model are then added to obtain the 
present value of failure costs for the option, which is 
shown in figures 7-8 -741, 

Reliability estimation: The most difficult and least 
credible part of this procedure is estimating the prob- 
ability of failure for each vehicle. This is particularly 
true for proposed vehicles that have not been fully 
designed, much less built, tested, and flown. The only 
compfetelyobjeclive method 'of estimating a vehicle's', 
probability of failure is by statistical analysis of the num- 
ber of failures observed in actual launches of identical 
vehicles under conditions representative of those under 
which future launches will be attempted. Such an 
analysis cannot ascertain the reliability with perfect ac- 
curacy and confidence, but it can determine, for ex- 
ample, that the reliability is within a certain range of 
possible values (called a confidence interval) with a 
corresponding statistical confidence. 6 As more 
launches are observed, the confidence interval cor- 
responding to a given confidence level becomes nar- 
rower (i.e., the reliability is known with greater 
accuracy), and the confidence level corresponding to 
a given confidence interval becomes greater (i.e., the 
reliability is known with greater confidence). However, 
a large number of launches must be observed to con- 
firm that reliability is high with high confidence. 

For example, if one failure were observed in 1000 at- 
tempted launches, one could conclude that the 
reliability was 993 percent with 99.3 percent con- 
fidence, One would not be justified in concluding that 
the reliability was the observed success rate (99.9 per- 
cent). If one required confirmation of 99.9 percent 
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reliability (or better) with 99.9 percent confidence (or 
better), there must be no failures in 6905 attempted 
launches; but there would be a 99.9 percent chance of 
at least one failure in any series of 6905 launch attempts 
if the vehicles were 99.9 percent reliable. Hence it 
would be virtually impossible to demonstrate 99,9 per- 
cent reliability in a flight test program. 

Hence although this method mayprovide useful, ob- 
jective information about the reliability of vehicles with 
long operational histories, using it to confirm the es- 
timated reliabilities of new vehicles before they become 
operational would require a prohibitively long flight 
test program. And of course strict statistical estimation 
cannot be used at all to estimate the reliabilities of 
vehicles not yet built. 

The design reliability of proposed vehicles is 
generally estimated using; 

« data from laboratory tests of vehicle systems (eg, 
engines and avionics) and components that have 
already been built; 

• engineers'judgements about the reliability achiev- 
able in systems and components that have not 

'" been built; - ' . . . . . 

• analyses of whether a failure in onesystem or com- 
ponent would cause other systems and com- 
ponents, or the vehicle, to fail; and 

• assumptions {often tacit) that 

- the laboratory conditions under which sys- 
tems were tested precisely duplicate the con- 
ditions under which the systems will operate, 

- the conditions under which the systems will 
operate are those under which they were 
designed to operate, 

- the engineers' judgements about reliability 
are correct, and 

- the failure analyses considered all cir- 
cumstances and details that influence 
reliability. 



Such "engineering estimates" of design reliability 
arc incomplete and subjective. However, the subjec- 
tivisyanduncertainryoftenarc not exhibited. There are 
methods for assessing and exhibiting the uncertainties 
of experts called upon to estimate reliabilities of com- 
ponents, and probabilistic risk assessment (PRA) 
methods for estimating risks posed by unreliability, 
considering the uncertainties in the estimates of 
components' reliabilities. However, it ismore difficult 
and time-consuming to use them than to provide a 
single "best estimate" of reliability showing no uncer- 
tainty, sothelatterhas been standardengkeering prac- 
tice except for tasks— such as safety analysis of nuclear 
reactors-for which the increased rigor bas been 
deemed worth the effort. 

In the wake of the Challenger accident, the Nation- 
al Research Council Committee on Shuttle Criticality 
Review and Hazard Analysis Audit bas recommended 
that NASA use prooabi&iic risk assessment methods 
to assess Space Transportation System risks and 
hazards quantitatively, even if partially subjectively. - 
Some PRA methods (e.g, Bayesian methods 10 ) are 
well-suited for reliability estimation throughout a 
yehicle'slife cycle, because they allow reliability of un- 
built components of proposed vehicles to be estimated 
subjectively— but quantitatively- at first, on the bass 
of engineering judgement, and they allow these es- 
timates to be adjusted later, in a logically consistent 
manner, on the basis of laboratory tests of components 
and, later still, on the basis of vehicle flight experience. 
Probabilistic risk assessment methods also make sub- 
jectivity and uncertainties explicit and auditable. 

Resource limitations precluded OTA from using 
such methods to estimate the reliability assumed in cal- 
culating the expected failure costs shown in chapters 1 
and 7 and in this appendix. For these estimates, OTA 
used engineering estimates of vehicle design reliability 
for paytoad deployment; these are shown in Table A-2. 
These component reliabilities are estimated from test 
data and flight experience when relevant data were 
available. 



7 For a recent review and critique, see T. Mollis, "Bipcrts' estimation or uncertain quamities and Us implications for knowledge acquisi- 

8 See, for example, S. Kaplan and BJ. Gamcic, "On the quantitative definition of ride." Kisfc Analwk vol 1, no. 1, 1981, pp. 11-27, and 
National Research Council Committee on Shuttle Criticality Review and Hazard Analysis Audit, Posi-Oallenfir Assessment of Space 
Shuttle Rislt Aweameii t and Management (Washington, DC National Academy Press, .January 1988), Append be D. 

9 EJ. Lemer, "An Allemstjvtm launch on Hunch.'" Aerospace f" r \tV r fi May 1987, p. 40. 

10 National Research Council Committee on Shuttle C.-iticaiity Review and Hazard Analysis Audit, op, cis., Appendix D, provides a 
tutorial overview. David A Scnunt, in Evidence and Inference farihe Tufelfifrn ce Analyst (New York: University Press of America, 1987), 
provides a longer, epUtemolcgiea! critique of Bayesian inference. See also M.W. Merkhofer, "Comparative Evaluation of Quantitative 
Decsaon-Malfuig Approaches," contractor report prepared for the National Science Foundation (Springfield, VA National Technical In- 
formation Service, April 1983). 
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Table A-2.- Engineering Estimates of Reliabilities 



Solid Rocbp.n 



Shuttle 2 

Impr. Shuttle 2 
Shuttle II 

SKuttle-G -v£ 

Titan IV. ,;. 'i 
Impr. Titan IV 2 : 
TitanV 2 

Trdnsirion (I 

ALS ■■ . ■ 
MLV/; S ; ./9': : 



JFT? 
No 

:.;No :; 

No 
No 
No 
No 



Rel 

. -994 ^ 

.994 
.997' 
.992 

;-i998S 



Liquid Pnckrfo 

Rel. 



Avionict; 



Vehicle 



"No "■ • sm 



No. 

/3i 

: W'3 

R.5: 
|2 : / 

:%/ 

: 3 

; 6 
9 

?2V. 



FT? 

No 
No 
Yes 

: No 
¥Np. : 

No 

No 

"'Nd'\.; 



■WW 

.999 
neg 

-S94" 



No. 

5/ 
^ ; . 

/many 

"? 
. 1. 
: : ; : many 
§inany>. : 

many 
tffiany* 

some' 



FT? 
Yes 
Yes 
Yes 
Yes 
No 

/res. 

"Yes/; 
Yes"'" 
some 



ReL 

•neg;. 

a %l 
neg/ 
neg' : / 
.988v 

De S/ 
oegl 
'•eg 



.99;} 

>9S6 ; ' 

.,922 
; .976 

SHA : 
: -999 ] 

.999 + : 

.975 



Vthxle.-tetlabiliiyof«centi»)p» r !<add<p((5 mU | L 



asstuned probabilities areactually optintisticcompared 
to reliability inferred objectively from historical data. 
For example, a history of 24 successful Shuttle orbiter 
recoveries in 24 attempts indicates only that the 
reliabilhyofShutde orbiter recovery has been between 



Table A-3.-0TA Estimates Of Reliabilities, 



V£hjc!s„ 



The estimated' pavioad-dcplovment reliability of 
each vehicle doesnot include the unreliability of down- 
cargo return or recovery of reusable vehicles or com- 
ponents. Moreover, it includes only tmreliabilitydue to 
design faults; it excludes unreliability due to induced 
faults (e.g, negligence or sabotage) or operations 
under conditions (e.g. temperature) outside of 
specified limits. Hence these engineering estimates 
must be regardtd as partially subjective, displaying 
more certainty than can be justified on the basis of 
strictly objective statistical inference. 11 

To estimate the total failure probability, OTA mul- 
tiplied Boeing's estimates of payload deployment 
reliability by 0.99 to reflect a 1 percent probability (as- 
sumed by OTA) of failure during ascent or payload 
deployment caused by phenomena not modeled in the 
engineering estimates -eg, human error, negligence, 
or malice, or unexpected weather or lightning, eta 
OTA also assumed a 1 percent probability of failure 
dunng recovery of reusable vehicle elements. Table A- 
3 shows the resulting reliabih'tyestimates used by OTA ' 
to estimate failure costs. OTA is not confident that 1 
percent is the correct probability of failure dnrW 
recovery, or of unmodeled failure during ascent; these 

^™»&£^li$ g<« ^ Sf** Divisk*, US. Air Fta« 
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90.6 percent and 100 percent with 90.6 percent con- 
fidence. 

Cost per failure: Estimating the average cost per 
failure is also difficult. For one thing, there will 
generally be intangible costs (e.g. risk to national 
security) as well as cash outlays (e.g., to replace a 
payload or launch vehicle). Assessment of intangible 
costs such as risk to national security is difficult and 
would be controversial, because it would require quan- 
titative value judgements. 12 Intangible costs could be 
largely averted by purchasing spare vehicles and 
payloads and flying missions "at risk" after failures. 
Otherwise, costs of delays after failure would include 
intangible costs and would depend on decisions on 
grounding fleets of vehicles with common critical com- 
ponents and on returning fleets to operational status. 
Such decisions are not now made on the basis of prob- 
abilistic risk assessment 

The cost of the Challenger failure has been es- 
timated at over $13.5 billion by Boeing, About half of 
this cost was attributed to delays in Shuttle operations 
and payload processing. The second largest contribu- 
tion ($3.7 billion) was for miscellany— added costs of 
debt service, insurance, special order production, etc 
The thlrii largest contribution ($1.5 billion) was for re- 
placement of the launch vehicle^ and a nearly equal 
amount ($1.4 billion) was spent for accident investiga- 
tion, corrective action, and ref%ht. The smallest con- 
tribution ($260 million) was For replacement of the 
cargo. 

Based on this estimated cost per failure, Boeing 
recommended assuming that a manned mission failure 
(Shuttle or Shuttle H) would cost $10 billion on the 
average. This would be a reasonable assumption if the 
effect of downtime on option life-cycle cost were 
modeled in a consistent manner. However, Boeing es- 
timated life-cycle costs for OTA's options by assuming 
uninterrupted operations, so for consistency OTA as- 
sumes a Shuttle failure cost of $7 billion, i.e., the costs 
of delay due to downtime are excluded [as they were in 
the Space Transportation Architecture Study]. Consis- 
tency also requires that vehicle replacement cost be in- 
terpreted as the cost of procuring a spare vehicle in 
advance so thatShuttle launch rates will not be reduced 
afterafailure. J These assumptions are likely to be vio- 
lated; most likely, no spare orbiter will be procured, and 
if another failure occurs, the Shuttle fleet will stand 
down, and son?e lost payloads may not be replaced and 
reflown. However, it would be more difficult to pose 
and analyze the implications of consistent alternative 



assumptions about the length and costs of downtime 
and the effect of corrective action on reliability; such an 
effort was not attempted in the Space Transportation 
Architecture Study and has not been attempted by 
Boeing or OT.~'. 

Boeing also recommended assuming an average 
failure cos* of $2 billion for heavy cargo vehicles and 
$300 million for MLVs. For consistency, OTA reduced 
theestimated failure cost of heavy cargo vehicles except 
Shuttle-C by $100 million— the estimated operations 
cost for the Titan IV fleet at a launch rate of zero for 
six months, the average Titan 34D downtime observed 
todate. Boeing's operations cost model jStaMeA-1) as- 
sumes that Shuttle-C and MLV fleets have no fixed 
operations costs (Le. while not launching), so OTA did 
not reduce the costs estimated by Boeing for Shuttle-C 
arid MLV failures. 

Finally, OTA assumed the average cost per failure 
of a partially reusatire heavy cargo vehide (a Transition 
launch vehicle or an Advanced Launch System launch 
veKcle)duringrecc«eryisabout$L5biffion. Thisrep-- 
resents the approximate cost of replacing one of two 
recoverable elements (propulsion/avionics module or 
flyback booster) and expenses of accident investigation 
arid corrective action, etc. ' ' . ■' 

To summarize, OTA assumed average costs per 
failure of $7 billion for the Shuttle or Shuttle H on as- 
cent or return, $2 billion for Shuttle-C, $19 billion for 
other heavy cargo rehides ($L5 billion for a recovery 
failure, if partially reusable), and $300 million for 
MLVs. 

Assuming further that failure costs are incurred in 
the year of failure, OTA also calculated the present 
value of the expected failure cost of each option, dis- 
counted at 5 percent. These arc induded in the his- 
tograms comparing life-cycle costs in chapters 1 and 7. 
OTA also calculated the 70th percentile of the dis- 
counted failure cost of each option; the 70th percentile 
minus the expected discounted failure cost is used as 
the component of cost risk (see below) dee to more 
failures than expected. 

Cost Risk 

Cost risk was defined in the Space Transportation 
Architecture Study as the cost overrun, expressed as a 
percentage of the estimated present value of life-cycle 
cost (discounted 5 percent per year), that is expected 
with a subjectively estimated probability of 30 percent, 



U US. Congess, Office of Ttthaology Assessment. Ami-Satellite Wfapnns. r/»nlemcasui«. mU mI r^nt,) QTA4SC-2S1 
(Washington, DC US. Government Printing Office, 1985), p. 31 

13 It is implausible to assume that every payload flown would be, or should be, backed up by a spare. Including payload replacement ami 
retiight cos! in the failurecosi could represent either ihe coss of a spare or, if there is no spare, ihe utilirycost of a failure. 
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Table A-4.-Cost Risk" 
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assumaigtieSpaccTraiisportationArdutKtureSrudy 
gronndrulesaremet. Higher overrruas are judged less 
probable. Cost risk was intended toreprescnt likelyin- 
creases in life-cycle cost caused by unforeseen difficul- 
ties in technology development, facility construction, 
etc However, it did not include risk of cost growth 
due to mission cancellations, funding stretch-outs, or 
. standdowns after failure, which were excluded by the 
Space Transportation ArchitectureStudygroundroles. 

Thecost risk quoted by OTAin chapters land7in- 
cludcs cost risk as defined in the Space Transportation 
Architecture Study as well as a risk of greater-thaa-ex- 
pected failure costs. It excludes risks of cost growth 
due to missioa cancellations, fiiEding stretch-outs, or 
standdowns after failures. 

The "STAS component" of cost risk includes the 
risk of growth in costs of DDT&E, facilities, and 
production (adjusted for changes in inflation and 
production rate). OTA assumes that the STAS com- 
ponent of each option's cost risk has non-recurring and 
recurring components as estimated by Boeing 
Aerospace Company 14 for corresponding STAS op- 
tions (sec Table A-4) featuring similar or identical 
launch vehicles, as well as backup launch vehicles and 
upperstagesnotconssderedhere. This analysis also as- 
sumes that the errors in the estimates of non-recurring 



and recurring costs of an option are normaUy dis- 
tributed and uncorrelatcfi. 15 

Faairrecostriskrepresents expected fluctuations in 
failures Der year, assuming vehicle reliabilities are 
known. The total faBurecost risk for an option is the 
sumofthefailurecostrisksforeachfJeeL OTAdefines 
the failure cost risk for each fleet as the difference be- 
tween its' expected faOure cost 'arid the 70th percentile 
of failure cost. 

Mission cancellations, funding stretch-outs, or 
standdowns after failures could have diverse, compli- 
cated, poorly-understood, and policy-dependent ef- 
fects on life-cycle cost They could decrease life-cycle 
cost while increasing average life-cycle cost per launch 
and causing intangible costs of delaying mission 
capabilities to be incurred These intangible costs 
should be considered a cost of the space transportation 
system only if they are caused by the space transporta- 
tion system (eg. by a standdown). 

Mission cancellations could be caused by the space 
transportation system (e.g. greater-than-expected 
vehicle processing time), payioad production delays, 
lack of need {e.g. greater-than-expected longevity of 
satellites scheduled for replacement), or funding 
stretch-outs. 



U Boeing Aerospace Company, 



13 Boring assumed that total c«I risk was the 
that the crroa' " 
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Funding could be strclchcd oul by (he Administra- 
tion or Congress in response (o missioo cancellations 
or changing national priorities. Logicallyconststcnt es- 
timation of total cost risk must account for these pos- 
sibilities and will require more sophisticated methods 
than were used here, or in the Space Transportation 
Architecture Study. 

Cancellation of planned missions may cause stretch- 
outs in production, or vice versa. Stretch-outs in 
production have been a major contributor to cost 
growth of weapon systems, and are probably the lead- 
ing contributor to the 1980s. 18 



Only about 70 percent of OoD missions projected 
one to five years in advance by the Air Force have ac- 
tually been launched. Even fewer missions projected 
by NASA have been launched. The baseline mission 
model assumed in a 1971 economic analysis of the 
(then) proposed Space Shuttle postulated 736 flights 
during 1978-1990; the next year, the baseline was 
reduced to 514 flights during 1979-1990. 20 This will 
prove to be a tenfold overestimate if 20 more Shuttle 
flights are flown before 1991 as nowplatuied 2t In 1979, 
NASA projected total VS. launch activity 22 to 1985 
would be 44 equivalent Shuttle flights. This estimate 
was revised downward as 1985 approached; about 12 
equivalent Shuttle flights were actually flown. 24 



17 H.Rep. 964S6, op. eft, and US. Congress, Congressional Budget Office, FJTeets of Weapons Procurement Strtich-Ouis .in Casts ar>d 
Schedu^ (Washington, DC VS. Congress, Congressional Budget Office, November 1987). 

18 M. Rich and R Pegs. Improving the Military Acquisition Procgaj R-S73 (Santa Monica, CA--The Rand Corporation, Feb. 1986). 

19 DoD/NASA Space Traruportation JointTaslc Team, National Spare Ttarisp o rintion ari4 Su pprm,Suirjy lEg-Mltt, AUKX A 
(Washington, DC NASA Headquarters, Code M, May 1984), pp. 14.18. 

20 K.P. Heiss and O. Morgenstem, Bmnnmic Analysis of the Space Shuttle System. Eacutivt Summary, (Washington, DC NASA, 

irrz). 

21 NASA, Paylnad Flifht Agripinrcats-NASA Mff Ml F k lt r Man* 1988. 

22 For DoD, NASA, other government agencies, and domesticand foreign commercial customer. 

23 US. Congress, Congressional Budget Office, Settinf Space Transportation Polity for the 1990s (Washington, DC Congressional 
Budget Office, October 1986). 

24 Ibid. 
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Alternative Cost Estimates 
Alternative Assumplions by Reviewer One and Results 



developed by Boeing as modified in accords «a 

the recommendations of one reviewer. This reviewer 

had not estimated the costs of the Improved Titan IV 

i'tanV.andTransilion launch vehicles, and supeesled 

^^■nOTA'scost^atingformulaefoTthese 
proposed vehicles. 



OTA produced alternative esiimatcsof the life-cycle 
cost of each option in each mission model using the al- 
ternative cost-estimating formulae proposed by this 

proved Titan IV, Titan V, and Transition launch 
vehicle^ and OTA's estimates of failure cost and cost 
nsk. These option life-cycle cost estimates are tabu- 
lated in Table A-6. 
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Table A-ti.-A!ternalivc Cost Estimate #1 
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Alternative Assumptions by Reviewer Tiwi and Results 

Tabic A-7 summarizes the cost -estimating formulas 
developed by Boeing as modified in accordance with 
the recommendations of a different reviewer. This 
reviewer suggested changes only in the cost-estimating 
formulae for the Shuttle-C, Shuttle H, and Advanced 
Launch System vehicles, and in facility costs for ex- 
pendable vehicles. The reviewer also proposed a cost- 
estimating formula for an expendable Advanced 
Launch System launch vehicle. 



OTA produced alternative estimates of the life-cycle 
cost ofcach option in each mission model using the al- 
ternative cost-estimating formulae proposed by this 
reviewer for Shutlle-C, Shuttle II, and Advanced 
Launch System vehicles, and facilities, Boeing's cost- 
estimating formulae for the other launch vehicles, and 
OTA'sestimates of failure cost aud cost risk. These op- 
tion life-cycle cost estimates are tabulated in Table A- 
8. For these estimates, OTA assumed that tie 
Advanced Launch System launch vehicle would be ex- 
pendable and would have a potential reliability of 98.9 
percent and an actual reliability of 97.9 percent. 
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525B ■: 
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SU2B 
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.-'....."■MSB 
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50-03B 


•■.:#f. '■ 


$109B 


Sbuttle-C 


SUB 


', ; ^42B ■ 


'f,53?B ".•■■.'■ 


;»wb : 


;JB6B y - 


' SlCviB 


Transition Vehicle 


$6.2B* 


■ ; ;$38B^ 


J35B ;.'■■" 


to.iB 


■ 324b' '■ 


S102B 


Advanced Launch System 


S4.9B 


S37B 


S35B 


S0.7B. 


.S25B 


$102B. 


Shuttle II 


S32-QB 

■'■}._ . • 


-^ 


;.;K36b;;h. : ,.^ 


S9B 

••v ••- 


:;,;|^,; v 


. >$132B 

_ -i . ■ 
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1 
S0J5B 
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;:: ,'":'.0:t 
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.••■)••• - 
: S126B- 
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S65B ..■■ ; :, 


■- -\o 


; : .;S3lB^"f: 


.x: - 
S172M" 


Titan V 
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$S3B 
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^9B-- ; ? 


■ VsI^ob 
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$61B 


S54B 


S0.09B 


:$30B 
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Transition Vehicle 
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Advanced Launch System 
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Shuttle II 


S33.7B .: -570B 
which is the square root at the sun 


S58B 59.8B 

of (he squared componenuotcost 


$32B . S192B 
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Nonrct: nonrecurring. 
Recur.: recurring. 

Total cost includes lota] cost risk 
ring). 
SOURCE: OTA. 
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INVESTMENT AND SAVINGS IN "THEN-YEAR" DOLIARS 



Table B-l shows the investment required, 
in current ("then-year") dollars, for each op- 
tion OTA considered, as well as its undis- 
countedsavings in life-cycle cost compared to 
the estimated life-cycle cost of the Interim 
Option with Titan IV. A constant inflation 
rate of 4.2 percent per year-the projected 
gross national product inflation rate- was as- 



sumed. Historically, space system prices have 
inflated at rates between one and two times 
the GNP inflation rate. 

Table B-l may be compared with table 7-8 

of ch. 7, which shows corresponding invest- 
ment and savings, discounted 5 percent per 
year, in constant 1988 dollars. 
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Relative to Interim option with Ilian IV 
SOURCE OTA acd Boeing Aerospace Co. • 
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FUNDING PROFILES IN "THEN-YEAR" DOLLARS 
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Figure IS-2.- Funding Profiles Tor Interim Opti< 
»ilh Titan IV 
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Figure B-3—Funding Profiles for Interim Optic 
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Figure B-4.— Funding Profiles for Interim Option 
with Shuttle-C 
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Figure B-5.- Funding Profiles for Interim Option 
with Transition Launch Vehicle 
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Figure B-6. - Funding Profiles for Advanced Option 
with Advanced Launch System 
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Figure B-7.-Funding Profiles for Advanced Option 
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Figure 1-3. -Ranges of Estimates of Life-Cycle Costs 
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